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Preface 


The  U.  S.  Army  Engineer  Waterways  Experiment  Station  (USAEWES) 
Explosive  Excavation  Research  Laboratory  (EERL)  was  the  USAEWES  Ex¬ 
plosive  Excavation  Research  Office  (EERO)  prior  to  21  April  1972.  Prior 
to  1  August  1971  the  organization  was  known  as  the  USAE  Nuclear  Cratering 
Group. 

This  portion  of  the  Diamond  Ore  Project,  a  series  of  cratering  exper¬ 
iments,  was  jointly  sponsored  by  the  Defense  Nuclear  Agency  and  Office, 
Chief  of  Engineers. 

The  Director  of  the  Waterways  Experiment  Station  during  this  re¬ 
search  effort  was  COL  Ernest  D.  Peixotto. 

The  Directors  of  the  Explosive  Excavation  Research  Laboratory 
(EERL)  were  LTC  Robert  L.  LaFrenz  and  LTC  Robert  R.  Mills,  Jr 


Abstract 


Project  Diamond  Ore  was  initiated  in  FY  1971  to  determine  the  effects  of  differ¬ 
ent  types  of  stemming,  depths  of  burial,  and  geologic  conditions  on  the  crater  size  and 
collateral  effects  produced  by  the  subsurface  detonation  of  a  nuclear  cratering  device. 

This  determination  is  being  made  by  using  a  combination  of  hydrodynamic  code 
calculations  and  large-scale  chemical  explosive  charges  to  model  the  nuclear  explosive 
energy  source.  The  research  program  also  includes  development  of  a  nuclear  fallout 
simulant.  This  report  presents  a  detailed  summary  of  the  explosive  selection  and  test¬ 
ing  process  and  the  development  and  testing  of  the  fallout  simulant. 

To  model  the  nuclear  explosive,  the  program  required  a  high-energy  chemical 
explosive  that  had  reproducible  detonation  properties,  could  retain  the  fallout  simulant 
material  in  suspension,  and  had  a  definable  equation  of  state.  A  specially  formulated 
water-gelled  aluminized  ammonium  nitrate  slurry  was  selected  and  tested  in  both  labo¬ 
ratory  and  large-scale  field  tests.  While  standard  explosive  tests  performed  by  explo¬ 
sives  manufacturers  indicated  a  satisfactory  energy,  laboratory  and  field  measurements 
of  explosive  detonation  parameters  in  the  micro-time  frame  required  for  equation  of 
stale  programs  indicated  that  the  slurry  explosive  did  not  possess  reproducible  detona¬ 
tion  parameters.  Changes  in  explosive  composition  to  improve  the  reproducibility  of 
the  detonation  parameters  desensitized  the  explosive.  Kitromethane  was  then  studied. 
This  is  an  explosive  liquid  avoided  initially  because  of  difficulties  encountered  in  con¬ 
taining  the  liquid  and  supporting  the  fallout  simulant.  A  gelling  system  was  developed 
to  overcome  the  containment  and  fallout  simulant  support  problems.  Technioues  were 
successfully  developed  for  simulating  radioactive  fallout  using  inert  tracer  particles. 
These  particles  are  mixed  uniformly  with  the  explosive  and  are  identifiable  in  the  col¬ 
lected  fallout  debris  using  neutron  activation  and  gamma-ray-speclrometry  techniques. 
The  resulting  tracer  mass  deposition  curves  are  easily  related  to  the  radioactivity  dose 
rate  curves  obtained  on  previous  nuclear  cratering  detonations  at  the  Nevada  Test  Site. 

Instrumentation  and  effects  data  from  three  large-scale  detonations  conducted  at 
Fort  Peck,  Montana  are  presented  although  much  of  the  data  is  suspect  due  to  the 
nonreproducibility  of  the  slurry  explosive  employed  and  loss  of  much  of  the  data  due  to 
gage  failures. 
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Conversion  Factors 


Metric  units  of  measurement  used  in  this  report  can  be  converted  to  English  units 
as  follows: 


Multiply 

By 

To  obtain 

centimeters  (cm) 

0.3937 

inches  (in.) 

meters  (m) 

3.2908 

feet  (ft) 

3 

cubic  meters  (m  ) 

35.311 

cubic  feet  (ft3) 

cubic  meters  (m  ) 

1.30795 

3 

cubic  yards  (yd  ) 

kilograms  (kgl 

2.204622 

pounds  (lb) 

kilograms  per  square 
meter  (kg/m^) 

1.422  X  10-3 

pounds  per  square  inch  (psi) 

pounds  per  cubic  foot  (lb/ft'  ) 

0.062422 

kilograms  per  cubic  meter  (kg/m 

Fahrenheit  degrees  (F) 

_a 

Celsius  or  Kelvin  degrees  (C,  K) 

ton  (nuclear  equivalent  of 
TNT)b 

4.2  X  109 

joules  (J) 

aTo  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  readings,  use  the 
following  formula:  C  -  (5/9)  (F  -  32).  To  obtain  Kelvin  (K)  readings,  use:  K  =  (5/9) 

(F  -  32)  +  273.15. 

qA11  references  to  yield  are  in  terms  of  energy;  therefore,  joules  will  be  the  primary 
value  in  accordance  with  the  International  System  of  Units  (SI)  and  the  alternate  will  be 
tons  (nuclear  equivalent  of  TNT). 


EXPLOSIVE  SELECTION  AND  FALLOUT  SIMULATION 
EXPERIMENTS:  NUCLEAR  CRATERING 
DEVICE  SIMULATION 
(PROJECT  DIAMOND  ORE) 

Chapter  1 
Introduction 


DESCRIPTION  AND  PURPOSE 

The  overall  objective  of  Project  Dia¬ 
mond  Ore  is  to  determine  what  effects 
different  types  of  stemming,  depth  of 
burial,  and  geologic  media  will  have  on 
the  crater  dimensions  and  collateral 
effects  resulting  from  the  subsurface 
detonation  of  a  nuclear  device.  The 
determination  of  these  effects  is  to  be 
accomplished  with  chemical  explosive 
cratering  detonations  designed  to  model 
the  nuclear  detonations.  An  additional 
objective  is  to  develop  a  means  of  sim¬ 
ulating  the  radioactive  fallout  intensity 
levels  and  the  ft  action  of  radioactivity 
vented  that  would  accompany  the  subsur¬ 
face  detonations.  Comparative  effects 
studies  are  to  include  airblast,  ground 
motion,  crater  size  and  shape,  continu¬ 
ous  ejecta  limits  and  composition,  mis¬ 
sile  limits  and  densities,  and  radioactive 
vent  fraction  and  fallout  distribution. 

SCOPE  OF  REPORT 

This  report  describes  the  research 
efforts  conducted  in  FY  71  and  FY  72 
leading  to  the  selection  of  the  explosive 
fallout  simulation  system  to  be  used  in 
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the  nuclear  modeling  detonations  of  Proj¬ 
ect  Diamond  Ore.  Specifically,  these 
experiments  are  directed  at  the  selection 
of  a  chemi,  ,1  explosive,  the  def’ning  of 
its  detonation  parameters,  the  selection 
of  a  fallout  tracing  method,  and  the  devel¬ 
opment  and  testing  of  the  tracer  tech¬ 
niques  required  for  use  in  large-scale 
field  experiments.  These  objectives  of 
t  le  Diamond  Ore  program  are  the  only 
ones  addressed  in  this  report.  The  Dia¬ 
mond  Ore  program  is  jointly  funded  by 
the  Defense  Nuclear  Agency  (DNA)  and 
the  Office  of  the  Chief  of  Engineers  (OCE) 
with  program  management  and  principal 
participation  provided  by  the  U.  S.  Army 
Engineer  Waterways  Experiment  Station 
Explosive  Excavation  Research  Labora¬ 
tory  (EERL). 

PARTICIPATING  AGENCIES 

These  experiments  were  conducted  by 
EERL  [initially  as  the  U.S.  Army  Engi¬ 
neer  Nuclear  Cratering  Group  (NCG)] 
with  participation  from  the  Chemistry 
Department,  Lawrence  Livermore  Labo¬ 
ratory  (LLL);  K  Division,  LLL;  Systems, 
Science,  and  Software,  Inc.;  and  the  Oper¬ 
ations  Evaluation  Department,  Stanford 
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Research  Institute  (SRI).  The  Chemistry 
Department,  LLL,  was  responsible  for 
explosive  testing  and  for  determining  the 
detonation  characteristics  of  the  explo¬ 
sives  considered.  K  Division,  LLL, 
Systems,  Science,  and  Software,  Inc.,  and 
EERL  were  responsible  for  the  calcule  - 
tion  efforts.  EERL  and  the  Operations 
Evaluat  on  Department  of  SRI  were  re¬ 
sponsible  for  development  and  testing  of 
the  fallout  simulation  program. 

PROJECT  BACKGROUND 

Atomic  Demolition  Munitions  (ADM) 
are  tactical  nuclear  weapons  capable  of 
being  employed  in  a  variety  of  modes. 
Emplacement  doctrine  for  the  ADM  is 
contained  in  Ref.  1.  This  document  and 
all  other  doctrine  for  the  employment  of 
low-yield  nuclear  devices  in  a  cratering 
mode  are  based  primarily  on  data  from 
cratering  tests  conducted  at  the  Nevada 
Test  Site  (NTS).  All  of  these  tests  were 
conducted  as  fully  stemmed  detonations. 
Thus,  information  is  lacking  on  the 
effects  of  geologic  medium,  stemming 
variations,  and  depth  of  burial  (DOB)  on 
crater  parameters. 

The  subsurface  employment  of  nuclear 
devices,  particularly  optimum  DOB  rather 
than  surface  employment,  can  result  in  a 
significant  reduction  in  yield  require¬ 
ments.  Subsurface  employment  can  also 
result  in  significant  reductions  in  collateral 
effects.  The  collateral  effects,  prompt 
nuclear  radiation,  thermal  radiation,  and 
airblast,  decrease  as  the  DOB  increases. 
Other  collateral  effects,  such  as  fallout 
and  missiles,  increase  initially,  then 
decrease  as  DOB  increases.  Currei.t 
data  also  indicate  that  the  fraction  of 


radioactivity  produced  by  a  cratering 
detonation  and  deposited  in  the  local  area 
fallout  is  about  50%  for  a  surface  burst 
and  10  to  35%  for  a  fully  stemmed  detona¬ 
tion  at  optimum  DOB,  Thus,  a  reduction 
io  also  obtained  in  the  radioactivity  found 
in  the  ground  surface  area  surrounding 
the  detonation. 

Fully  stemmed  employment  of  low- 
yield  nuclear  devices  in  tactical  situa  ¬ 
tions  is  nor.  desirable.  The  requirement 
to  fully  stem  the  emplacement  hole  limits 
the  flexibility  and  rapidity  of  deployment 
by  increasing  emplacement  time.  Addi¬ 
tional  problems  and  time  expenditure 
would  be  involved  in  device  recovery  if  a 
mission  is  aborted.  Subsurface  employ¬ 
ment  utilizing  simplified  stemming,  such 
as  water  or  possibly  no  stemming,  would 
resolve  the  problems  of  loss  of  flexibility 
and  rapidity  of  emplacement  and  recover., 
Data  on  the  effects  of  simplified  stem¬ 
ming  on  crater  dimensions  and  collateral 
effects  are  thus  required  to  permit  devel¬ 
opment  of  employment  doctrine. 

Due  to  restrictions  of  the  1963  Limited 
Nuclear  Test  Ban  Treaty  on  fallout  levels 
that  may  cross  national  boundaries,  the 
use  of  actual  nuclear  cratering  experi¬ 
ments  to  determine  stemming  ai  d  media 
effects  on  crater  size  and  collateral 
effects  is  considered  infeasible.  Also, 
the  existing  nuclear  test  sites  do  not  pro¬ 
vide  tactically  significant  geologic  media. 
These  restrictions  require  the  use  of  a 
chemical  explosive  energy  source  to 
model  the  nuclear  explosive  devices. 
These  chemical  explosive  charge  designs 
are  to  be  developed  through  a  sequence  of 
numerical  modeling  calculations  followed 
by  field  experiments  designed  to  pro¬ 
vide  empirical  input  data  for  the  next 


calculations.  Once  developed,  and  deter¬ 
mined  to  model  adequately  a  nuclear  detona¬ 
tion  through  field  experiments,  these  high 
explosive  and  numerical  models  will  be 
employed  in  tactically  significant  media 
and  terrain  to  obtain  the  data  required  to 
evaluate  the  effects  of  water  and  air 
stemming. 

The  scope  of  Project  Diamond  Ore  has 
been  expanded  from  its  initial  objective 


to  determine  the  effects  of  simplified 
stemming.  Beginning  in  late  FY  73  the 
chemical  charge  design  developed  in 
Project  Diamond  Ore  will  be  used  to  ob¬ 
tain  effects  data  for  obstacles,  barriers, 
and  targeting  studies  against  specific 
targets,  such  as  airfields,  bridges,  or 
railroad  marshaling  yards.  This  ex¬ 
panded  program  is  titled  ESSEX  (Effects 
of  Subsurface  Explosions) 


Chapter  2 
Initial  Studies 


GENERAL 

The  planning  for  the  Diamond  Ore 
program  was  initiated  in  the  spring  of 
1971  by  the  Nuclear  Cratering  Group  (now 
EERL)  under  Defense  Atomic  Support 
Agency  (now  DNA)  sponsorship.  The  study 
was  directed  at  subkiloton  yields.  The 
84  X  109  J  (20-ton)  yield  was  selected  for 
the  initial  high-explosive  experiments. 

This  is  the  lowest  yield  that  would  allow 
for  confident  scaling  up  to  1  kt  and  was 
the  highest  yield  that  would  not  impose 
severe  restrictions  on  test  site  selection. 

In  addition,  this  yield  would  allow  for 
direct  use  of  considerable  data  from  pre¬ 
vious  18,140-kg  (20-ton)  chemical  explo¬ 
sive  detonations. 

The  initial  planning  called  for  two 
18,140-kg  (20-ton)  chemical  detonations 
at  NTS.  These  detonations  were  to  be  con- 

T" 

All  references  to  yield  are  in  terms 
of  energy;  therefore,  joules  will  be  the 
primary  value  in  accordance  with  the  Inter¬ 
national  System  of  Units  (SI)  and  the 
alternate  will  be  tons  (nuclear  equivalent 
of  TNT). 


ducted  in  areas  adjacent  to  the  Danny  Boy 
(0.4  2  kt)  and  the  Teapot  ESS  (1.2  kt) 
nuclear  craters.  The  explosive  model 
development  was  to  be  based  on  compar¬ 
isons  of  the  resulting  craters  with  the 
nuclear  craters  using  empirical  scaling 
relationships.  The  modeling  of  these 
craters  was  also  to  permit  the  nuclear 
fallout  and  fallout  simulant  to  be  com¬ 
pared,  If  these  te  ts  proved  successful, 
additional  testing  was  to  be  accomplished 
in  a  more  tactically  significant  medium. 

EXPLOSIVE  SELECTION 

In  order  to  make  the  broadest  use  of 
the  explosive  testing  planned  for  the 
Diamond  Ore  program,  the  initial  explo¬ 
sive  selection  studies  were  directed  at 
the  possible  use  of  composite  explosives, 
specifically  the  use  of  the  water-gelled 
aluminized  ammonium  nitrate  slurry  type 
of  explosive.  Although  this  type  of  explo¬ 
sive  war  in  use  in  commercial  applica¬ 
tions,  its  detonation  characteristics  had 
not  been  studied  in  the  detail  planned  in 
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the  Diamond  Ore  program.  This  type  of 
explosive  was  being  studied  for  possible 
military  engineering  and  civil  works  ex¬ 
cavation  purposes  at  EERL  and  was  also 
being  considered  for  use  in  research  pro¬ 
grams  being  conducted  at  LLL  and  at 
other  laboratories.  The  detonation  char¬ 
acteristics  of  this  type  of  explosive  can 
be  altered  to  m>.et  specific  requirements 
through  changes  in  the  compositions. 

This  ability  to  tailor  the  explosive's  deto¬ 
nation  characteristics  was  ideally  suited 
to  the  explosive  needs  of  the  Diamond  Ore 
program. 

Previous  studies  in  modeling  nuclear 
explosions  with  chemical  explosives  had 
generally  assumed  a  one-to-one  energy 
equivalence.  More  recent  cratering 
experience  has  shown  that  chemical 
explosives,  employed  at  cratering  depths, 
are  more  efficient  from  an  energy-use 
standpoint  than  were  nuclear  explosives. 

In  the  nuclear  detonation,  energy  is  con¬ 
sumed  in  vaporizing  the  surrounding 
media.  This  energy  is  lest  in  the  sense 
that  it  does  not  do  useful  work  in  the 
formation  of  the  crater.  This  vaporiza¬ 
tion  phenomenon  is  not  found  in  the  deto¬ 
nation  of  chemical  explosives  because 
much  lower  temperatures  and  pressures 

are  produced.  Therefore,  the  simulation 
9 

of  an  84  X  10  J  (20-ton)  nuclear  cratering 
detonation  would  require  less  than 
84  X  10®  J  (20  tons)  of  equivalent  chemi¬ 
cal  explosive  energy.  Because  it  is  im¬ 
possible  to  model'this  vaporization 
phenomenon  with  chemical  explosives,  it 
would  be  necessary  to  initiate  the  chemi¬ 
cal  explosive  detonation  in  a  cavity  equal 
in  size  to  the  vaporized  nuclear  cavity. 

For  cratering  purposes,  the  chemical 
explosive  would  also  have  to  produce  the 


same  amount  of  energy  as  the  nuclear 
detonation  would  contain  at  the  end  of 
cavity  vaporization. 

Based  on  this  concept  of  model¬ 
ing,  the  following  criteria  were 
established  for  the  selection  of  a 
chemical  explosive  for  the  Diamond 
Ore  program: 

1.  The  total  energy  release  of  the 
chemical  explosive  must  equal  that  of  the 
nuclear  device  minus  that  energy  ex¬ 
pended  by  the  laiter  to  vaporize  the 
medium. 

2.  The  size  and  geometry  of  the  chem¬ 
ical  explosive  charge  must  equal  that  of 
the  gas  cavity  formed  by  the  nuclear  det¬ 
onation.  Consideration  must  be  given  to 
the  type  of  medium  and  stemming. 

3.  The  pressure-volume  history  of  the 
chemical  explosive  products  must  coin¬ 
cide  as  closely  as  possible  with  that  of 
the  vaporized  gas  produced  by  the  nuclear 
detonation  at  the  time  vaporization  is 
completed,  A  corollary,  but  less  exact¬ 
ing  requirement,  is  that  the  integrals  of 
the  pressure -volume  adiabats  within  the 
limits  from  the  initial  cavity  radius  to  a 
radius  at  atmospheric  pressure  must  be 
equal. 

4.  The  chemical  explosive  must  be 
solid  or  semisolid  in  order  to  hold  fallout 
tracer  particles  in  suspension  and  must 
be  capable  of  detonation  with  up  to  20%  by 
weight  contamination  by  these  simulant 
particles. 

Calculations  were  performed  to  deter¬ 
mine  the  energy  density  requirements  for 
the  chemical  explosive  based  on  Butko- 
vich.  The  energy  consumed  in  vaporiza¬ 
tion  of  the  medium  and  thus  lost  in  the 
crater  formation  processes  was  found  to 
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be  about  20%  or  16.8  X  109  J  (4  tons)  (at 

g 

optimum  DOB).  The  remaining  67.2  X  10 
J  (16  tons)  was  assumed  to  be  the  equiva¬ 
lent  cratering  energy.  The  radius  of  the 
vaporized  cavity  was  calculated  at  about 
60  cm  (23.6  in.)  (Ref.  2).  The  energy 
density  of  the  ideal  explosive  to  meet 

requirement  No.  1  was  on  the  order  of 
3 

36,960  ,1/cm  .  This  high  an  energy 
density  was  not  available  from  chemical 
explosives  that  could  be  considered  feasible 
for  use  in  this  project,  leading  to  the 
abandonment  of  the  concept  of  initiating  the 
chemical  explosive  detonations  at  the 
point  at  which  the  nuclear  explosion  com¬ 
pleted  cavity  vaporization. 

While  planning  for  the  empirical 
approach  to  the  Diamond  Ore  program 
■was  continuing,  K  Division,  LLL,  and 
Systems,  Science  and  Software,  Inc.  were 
funded  by  DNA  to  perform  calculations  re¬ 
lated  to  84  X  109  J  (20-ton)  subsurface 
nuclear  detonations.  A  series  of  meetings 
was  held  to  coordinate  the  two  calculatior.al 
efforts  and  the  experimental  program  to  be 
conducted  by  EEKL.  Because  the  calcu- 
lational  programs  were  to  develop  actual 
chemical  explosive  charge  designs  to 
model  the  nuclear  detonations,  the  explo¬ 
sive  selection  criteria  were  respecified  as 
follows: 

1.  A  high-energy  density  on  the  order 
of  12,600  J/cm3. 

2.  Reproducible  and  c  finable  de¬ 
tonation  parameters  (an  equation- of 
state  would  be  required  for  code 
calculations)  in  both  the  pure  form  and 
with  up  to  20%  contamination  of  simulant 
particles. 

3.  Capability  of  maintaining  up  to  20% 
by  weight  of  simulant  material  (sand)  in 
uniform  suspension. 


—  w 

4.  Commercial  availability  in  large 
quantities. 

In  May  1971,  a  solicitation  for  bids 
was  released  for  development,  supply, 
and  testing  of  the  "Diamond  Ore  Explo¬ 
sive."  Appendix  A  contains  the  slurry 
explosives  contract  specifications. 

Award  of  this  contract  was  to  be  based  on 
a  demonstrated  proficiency  in  the  explo¬ 
sives  field  and  the  lowest  unit  price  for 
the  explosive.  The  contract  was  awarded 
to  Dow  Chemical  Company  as  the  only 
firm  that  was  fully  responsive  to  this 
solicitation. 

FALLOUT  SIMULATION 

Previous  attempts  at  simulating  fallout 
from  nuclear  cratering  detonations  in¬ 
volved  the  use  of  radioa  tive  materials 
placed  in  the  chemical  explosive  charge 
in  some  type  of  capsule  or  container. 
Other  methods  included  the  use  of  Ruor- 
escent  materials.  None  of  these  methods 
was  applicable  to  the  Diamond  Ore  pro¬ 
gram  because  testing  was  contemplated 
at  various  locations  outside  nuclear  test 
sites  where  the  use  of  radioactive  materi¬ 
als  would  be  prohibited  and  because  none 
of  these  systems  had  proved  successful 
in  providing  the  accuracy  desired  for  the 
Diamond  Ore  program.  Studies  were 
conducted  vith  the  assistance  of  the  Stan¬ 
ford  Research  Institute  (SRI)  to  select  a 
trace  element  that  could  be  mixed  uni¬ 
formly  with  the  explosive,  would  survive 
the  detonation,  would  simulate  radioac- 
t:ve  fallout  transportation  in  the  cloud, 
and  could  be  detected  in  postshot  fallout 
samples  through  neutron  activation  and 
gamma  ray  spectrometry. 
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The  following  criteria  were  estab¬ 
lished  for  selection  of  the  tracer  material: 

1.  Reasonable  cost. 

2.  Distinct  gamma  ray  spectrum  for 
ease  in  identification, 

3.  High  neutron  cross  section  to  min¬ 
imize  irradiation  time. 

4.  High  isotopic  abundance  to  mini¬ 
mize  the  mass  of  tracer  material  re¬ 
quired  an!  to  increase  sensitivity. 

5.  Radioactive  half-life  longer  than 
25  hr  to  allow  for  the  handling  time  of 
large  numbers  of  samples  but  not  so  long 
as  to  require  excessive  irradiation  time. 

6.  A  high  boiling  point  to  insure  stabil¬ 
ity  in  the  explosive  environment. 

Examination  of  the  work  done  by  Day  and 
Paul  in  element  abundance  in  natural  soils 
led  totlie  selection  of  12  candidate  elements. 
Soil  samples  from  prospective  test  sites 
were  obtained  and  activated  to  determine 
the  soil  gamma  ray  spectrum.  Samples 
of  candidate  trace  elements  were  also 
irradiated.  The  gamma  ray  spectrum  of 
each  element  was  superimposed  on  each 
soil  spectrum  to  determine  its  detecta¬ 
bility  over  the  soil  background.  The 
iridium-192  nuclide  was  found  to  be  the 
most  desirable.  At  20  days  after  irradi- 
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ation,  10  g  of  iridium  was  readily  de¬ 
tected  in  the  presence  of  1  g  of  each  of 
the  soils  tested  (counting  time  of  1  min, 
irradiation  for  1  hr  at  a  flux  of  5  X  10 ^ 
cm  •  sec). 

Studies  of  fallout  particle  sizes  and 
fall  rates  at  various  downwind  ranges 
were  examined  to  determine  the  particle 
size  on  which  the  tracer  material  should 
be  placed  within  the  explosive.  Particle 
sizes  of  125  to  175  were  selected  as 
being  representative  of  the  radioactive 
fallout  particles  found  downwind  at  the 


ranges  of  interest:  300  to  2,600  m  (330 
to  2,850  yd).  Wedron  sand  was  selected 
as  the  carrier  for  the  tracer  material. 
These  sand  particles  are  pure  quartz  and 
ideally  suited  for  this  purpose.  Quartz 
has  a  1,600°C  melting  point  and  a  low 
thermal  conductivity  that  enhance  particle 
survival  in  the  explosive  environment. 
Quartz  also  has  no  induced  radionuclides 
that  would  interfere  with  the  detection  of 
the  iridium- 192  nuclide.  Since  the  earti- 
cle  density  is  2.6  g/cm  ,  which  is  aLout 
that  of  radioactive  particles  from  a  land 
detonation,  the  particles  will  travel  in 
much  the  same  way  as  like  particles  from 

4 

a  nuclear  detonation. 

Techniques  were  developed  at  SRI  for 
the  adsorption  of  iridium  on  the  sand 
particles.  The  tagged  particles  were 
then  overcoated  with  sodium  silicate  to 
reduce  the  possibility  of  iridium  migra¬ 
tion  in  the  explosives  environment. 

Discussions  were  held  with  explosives 
manufacturers  to  confirm  that  the  traced 
particulate  matter  was  chemically  com¬ 
patible  with  explosives  of  the  type  being 
considered  for  the  Diamond  Ore  program. 

CALCULATION  AND  TESTING 
PROGRAM  DEVELOPMENT 

As  previously  discussed,  the  original 
concept  for  the  development  of  the  chem¬ 
ical  explosive  charge  model  was  to  rely 
on  empirical  scaling  techniques  developed 
in  previous  nuclear  and  chemical  explo¬ 
sive  testing.  Chemical  explosive  experi¬ 
ments  were  to  be  conducted  adjacent  to 
nuclear  craters  at  NTS.  The  resulting 
crater  dimensions  could  then  be  scaled  to 
the  nuclear  craters  (Danny  Boy  and  Tea¬ 
pot  ESS)  and  refinements  in  the  yields  of 
the  chemical  charge  could  be  made. 
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Fallout  patterns  could  also  be  compared 
and  relationships  developed  between  the 
simulated  and  actual  fallout. 

This  concept  was  altered  significantly 
when  calculational  support  from  K  Divi¬ 
sion,  LLL,  and  Systems,  Science,  and 
Software,  Inc,,  was  phased  into  the  pro¬ 
gram.  A  series  of  meetings  was  held  to 
develop  a  program  of  calculations  and 
experiments  that  would  lead  to  the  devel¬ 
opment  of  the  high  explosive  models. 
Calculational  support  was  divided  between 
Systems,  Science,  and  Software,  Inc.  and 
LLL  based  on  the  DOB's  of  interest.  LLL 
was  to  provide  calculations  in  support  for 
experiments  at  the  12.5-m  (4 1  -ft)  DOB 
('optimum  DOB  for  84  X  10^  J  (20  tons)] 
with  Systems,  Science,  and  Software,  Ine. 
providing  calculational  support  for  the 
fi-m  (19.7 -ft)  DOB  program  (“1/2  of 
optimum  DOB).  Systems,  Science  and 
Software,  Inc.  calculational  work  was  to 
be  based  on  the  use  of  the  HELP  Code. 
This  code  had  been  developed  and  used 
previously  at  Systems,  Science,  and  Soft¬ 
ware,  Inc.  to  conduct  cratering  calcula¬ 
tions  under  DNA  sponsorship.  The  HELP 


Code  is  suitable  for  calculating  both 
stemmed  and  unstemmed  detonations. 

LLL  support  was  to  be  based  on  the  use  of 
the  TENSOR  code  for  stemmed  detonations 
and  the  development  and  use  of  a  combina¬ 
tion  of  the  TENSOR  and  PUFL  codes  for 
the  unstemmed/water-stemmed 
detonations. 

The  use  of  these  numerical  modeling 
codes  requires  the  input  of  equations-of- 
state  (EOS)  for  both  the  medium  in  which 
the  detonations  are  to  be  conducted  and 
the  explosive  (chemical  or  nuclear)  to  be 
used.  The  responsibility  for  determining 
the  EOS  for  the  slurry  explosive  to  be 
used  in  field-testing  was  given  to  the 
Chemistry  Department  at  LLL.  The  need 
for  an  EOS  for  the  geologic  medium  dic¬ 
tated  a  change  of  test  sites  from  NTS  to 
Fort  Peck,  Montana  for  the  first  series 
of  large-scale  experiments.  The  Bear- 
paw  clay  shale  found  at  Fort  Peck  had 
been  extensively  investigated  during  the 
Pre-Gondola  cratering  tests  and  exten¬ 
sive  EOS  data  were  already  available.  Compi 
lation  of  the  data  into  a  usabb  EOS  was  accom¬ 
plished  by  K  Division,  LLL,  and  EERL.  5 


□  Calculation* 


Fig.  2.1.  Diamond  Ore  program  planning  logic  (generalized). 
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The  program  for  calculations  and  test¬ 
ing  was  to  be  conducted  under  the  title  of 
Phase  It,  Project  Diamond  Ore.  The  gen¬ 
eral  plan  was  for  calculations  to  be  per¬ 
formed  for  the  nuclear  cases  of  interest. 

In  addition  to  final  crater  dimensions, 
these  calculations  predict  velocity,  den¬ 
sity,  and  pressure  data  within  the  crater 
at  various  times  during  the  detonation. 
Chemical  explosive  calculations  would 
then  be  conducted.  Changes  in  chemical 
explosive  yield  and  charge  shape  would 
be  made  in  an  attempt  to  match  the  pre¬ 
dicted  nuclear  velocity,  energy,  pressure, 


and  density  levels.  The  resulting  charge 
configurations  would  nen  be  tested  at 
Fort  Peck.  These  detonations  would  be 
instrumented  to  record  the  actual  stress 
and  velocity  levels  experienced  by  the 
medium  during  crater  formation.  The 
field  data  would  then  be  used  to  verify 
the  code  predictions  and/or  direct 
corrections  in  the  codes  or  designs. 

The  results  of  these  corrections  would  be 
the  model  designs.  Figure  2,1  is  a 
generalized  flow  chart  for  the  logic  of 
these  calculational  and  experimental 
programs. 


Chapter  3 

Small-Scale  and  1-Ton  Slurry  Testing 


GENERAL 

As  stated  in  Chapter  2,  Dow  Chemi¬ 
cal  Company  was  selected  to  supply  a 
blurry  explosive  fur  use  iu  the  Diamond 
Ore  program.  Included  in  this  con¬ 
tract  was  a  series  of  safety  and  per¬ 
formance  tests  to  be  conduc  ted  by 
the  manufacturer.  The  initial  supply 
of  explosives  to  EERL  was  for  the 
conduct  of  cratering  tests  with  both 
the  pure  and  the  traced,  sand- 
contaminated  explosive.  The  per¬ 
centage  of  sand  contamination  was  to 
be  specified  after  initial  testing  of  the 
sensitivity  of  the  fallout  simulation 
program.  Testing  of  the  fallout  simula¬ 
tion  program  was  also  to  be  conducted 
at  the  907 -kg  (1-ton)  level  in  conjunction 
with  the  Middle  Course  II  cratering 
experiments  conducted  by  EERL  at 
Trinidad,  Colorado. 


CONTRACTOR  TESTING 

Under  the  provisions  of  the  contract 
awarded  to  Dow  (see  Appendix  A  for  spec¬ 
ifications),  performance  tests  were  to  be 
conducted  on  the  explosive  in  a  pure  form, 
and  with  sand  contamination  levels  of  5, 

10,  15,  and  20%  by  weight.  These  per¬ 
formance  tests  were  required  to  deter¬ 
mine  the  effect  of  the  sand  contamination 
on  the  energy  produced  by  the  explosive. 
The  results  of  these  tests  are  shown  in 
Table  3.1.  Initial  results  of  the  fallout 
simulation  program  indicated  that  a  10% 
(by  weight)  level  of  sand  contamination 
would  provide  suflicient  sensitivity,  and 
Dow  was  directed  to  conduct  the  required 
safety  tests  with  this  level  cf  contamina¬ 
tion.  These  safety  tei’ts  were  to  be  con¬ 
ducted  on  15,2-cm  (6-in.)  diameter 
polyvinyl  chloride  spherical  containers 
filled  with  explosive.  These  spheres 
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Table  3.1.  Dow  underwater  energy  test  results  (booster  energy  subtracted  out). 
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were  the  same  charges  to  be  used  by 
EERL  in  the  conduct  of  a  series  of  small- 
scale  cratering  tests.  When  cap  sensitiv¬ 
ity  tests  were  conducted  with  both  No.  6 
and  No.  8  blasting  caps,  the  explosive 
failed  to  detonate  or  to  react  to  these 
tests.  In  order  to  determine  minimum 
booster  recjui remetits,  tests  were  con¬ 
ducted  with  three  sizes  of  50/50  pentolite 
boosters  and  No.  8  electric  blasting  caps. 
Testing  resulted  in  a  partial  detonation 
with  a  5-g  booster,  and  high-order  deto¬ 
nations  with  15-  and  37. 5-g  boosters. 
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These  test  results  met  the  contract  spec¬ 
ifications  (Appendix  A). 

SMALL-SCALE  CRATERING 
TESTS 

In  order  to  determine  the  cratering 
characteristic  of  both  the  pure  alurry 
explosive  and  the  10%  sand-contaminated 
explosive,  EERL  conducted  a  series  of 
cratering  experiments  at  the  LLL  Site 
300  test  facility.  The  charges  detonated 
in  this  series  were  15.2-cm  (6-in.) 
diameter  spheres  containing  about 
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2.7-kg  (6-lb)  of  slurry  explosive.  Stand¬ 
ard  SE-1  detonators  were  used  with  a 
C-4  explosive  booster.  Figure  3.1  shows 
a  typical  charge.  The  sand  medium  test 
pit  used  for  these  detonations  had  been 
used  in  many  previous  small-scale  tests. 
The  sand  specifications  and  the  operating 
procedures  are  described  in  Appendix  B. 

The  first  series  of  cratering  detona¬ 
tions  to  be  conducted  was  15  detonations 
with  the  pure  explosive.  Three  detona¬ 
tions  were  conducted  at  each  of  five 
DOB’s:  0.46  m  (1.5  ft),  0.69  m  (2.25  ft), 
0.91  m  (3.00  ft),  1.14  m  (3.75  ft),  and 
1.37  m  (4.5  ft).  Standard  surveying  tech¬ 
niques  were  used  to  measure  the  crater 
dimensions.  These  data  were  processed 
using  EERL's  CRATER  DATA  code6  to 
produce  cratering  curves.  The  apparent 
crater  volume,  the  apparent  crater  ra¬ 
dius,  and  the  apparent  crater  depth  are 
shown  in  Figs.  3.2,  3.3,  and  3.4.  Individ¬ 
ual  shot  points  are  also  plotted  on  these 
curves.  Scatter  in  the  data  is  considered 
typical  of  the  test  medium  used. 

The  second  series  of  2.7-kg  (6-lb) 
tests  was  conducted  with  the  10%  sand- 
contaminated  explosive.  The  sand  was 
first  coated  with  the  iridium  trace  ele¬ 
ment  at  SRI  and  then  mixed  with  the  explo¬ 
sive  during  manufacturing.  In  addition  to 
obtaining  cratering  data,  fallout  samples 
were  collected  as  a  test  of  the  tracer 
program's  compatabilRy  with  the  Dow 
slurry  explosive.  The  buries  was  orig¬ 
inally  planned  for  the  15  detonations  in 
the  pure  explosive  program.  Delays  in 
the  series  were  e.icoar.terod  due  to  the 
necessity  of  waiting  for  winds  that  would 
carry  the  detonation  clouds  over  the 
array  of  fallout  collection  trays.  The 
original  15  detonations  were  therefore 


0,64-cm  ( 1  /4-in . ) 
flange  opening  for 
lead  wires 

Shorting  connection 
Detonator  lead  wires 
SE-1  dotonator 
Rubber  si licon 
coating  over  tet 
pellet 

Tet  pel  let  glued  to 
face  of  detonator 
1 50— g  C-4  booster 


2  ea  15.2-cm  (6-in, )- 
diameter  plastic  (PVC) 
hemispheres 

2.7  kg  (6  lb)  of 
Diamond  Ore  slurry 
explosive 

1  ,3-cm  ( 1  /2-in  . ) 
flanges 


Notes:  I  .  The  plastic  hemispheres  come  filled 
with  explosive  end  covered  with  thin 
plastic  sheet . 

2.  Preparation  —  A  small  portion  of  the 
slurry  explosive  is  removed  from 
each  hemisphere  to  allow  placement 
of  the  detonator  and  booster.  The 
two  hemispheres  are  mated  and  the 
flanges  are  glued  together  with  a 
rubber  silicon  adhesive  and  then 
stapled  to  insure  assembly. 

Fig.  3.1.  Diamond  Ore  2.7  kg  (6-lb) 
spherical  charge  (typical). 


reduced  to  five  with  one  detonation  at 
each  DOB.  The  results  of  these  crater¬ 
ing  detonations  were  again  processed 
using  EERL's  CRATER  DATA  code.6 
The  resulting  cratering  curves  are  .own 
in  Figs.  3.5,  3.6,  and  3.7  with  the  individ¬ 
ual  data  points.  For  comparison,  crater¬ 
ing  curves  for  the  pure  explosive  have 
been  added  to  the  figures.  Previous  ex¬ 
perience  at  the  sand  test  pit  shows  that 
differences  between  the  pure  and  contam¬ 
inated  explosive  curves  are  not  significant 
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due  to  the  scatter  of  the  data.  Thereto  re, 
the  addition  of  the  sand  does  not  cause 
any  apparent  loss  of  cratering  efficiency. 

As  a  test  of  the  sensitivity  of  the  fall¬ 
out  tracing  system  and  to  provide  an 
insight  (within  the  limits  of  the  test  pit) 
into  the  effects  that  simplified  stemming 
would  have  on  both  the  fallout  and  the 
cratering  mechanisms,  three  additional 
traced  detonations  were  conducted.  The 
first  two  were  detonated  at  DOB's  of 
0.60  m  (2.25  ft)  and  0.91  m  (3.00  ft  with 


Depth  of  burial  —  m 


Fig.  3.2.  Site  3C0  stemmed  cratering 

curve  (Va)  for  the  2.7-kg  (6-lb) 
pure  explosive  detonations. 


Depth  of  buriol  —  m 


Depth  of  burial  —  ft 

Fig.  3.3.  Site  300  stemmed  cratering 
curve  (Ra.1  for  2,7-kg  (6-lb) 
pure  explosive  detonation.1;. 


the  15.24-cm  (6-in.)  radius  emplacement 
hole  left  open  (air-stemmed).  The  third 
detonation  was  conducted  at  a  1)011  of 
0.01  m  (3.00  ft)  with  the  15.2-cm  (6-in.) 
radius  emplacement  hole  filled  with 
water  (water  stemmed).  The  resulting 
crater  dimensions  are  plotted  in 
Figs.  3.8,  3.9,  and  3.10.  The  curves 
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Fig.  3.4.  Site  300  stemmed  cratering 
curve  (Da)  for  2.7-kg  (6-lb) 
pure  explosive  detonations. 


Depth  of  buriol  —  m 


Fig.  3.5.  Site  300  stemmed  cratering 
curves  (V'a>  for  2.7-kg  (6-lb) 
pure  and  cumaminateri  explo¬ 
sive  detonations. 
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Fig.  3.0,  Site  IjOO  stemmed  cratering 
curves  (Ra)  for  2.7-kg  (6-lb) 
pure  anrl  contaminate!.'  explo¬ 
sive  detonations. 


Fig.  3.7.  Site  200  stemmed  cratering 
curves  (Da)  for  2.7-kg  (6-lb) 
pure  and  contaminated  explo¬ 
sive  detonations. 
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Fig.  2.8.  Site  300  cratering  data  (V,  )  for 
2.7-kg  (6-lb)  sand-contaminated 
explosive  detonations  and  vari¬ 
ous  stemming  conditions. 


w  ~  0.3 

*!“-  6 
2  I 

5 

c  cc°A 
il  ^  4 


Depth  of  burial  —  m 
0.6  0.9  1.2 


Fully  stemmed - 


jVatei  -stemmed 
i  Unstemmed 


<■? 


I  J  4 

Depth  of  burial  —  ft 


•J 

1.8 

rx  1 

1.5 

2  1 
o  ^ 

1.2 

I:  e*C 
<u  w 

0.9 

ks 

Fig.  3,0.  Site  300  cratering  data  (Ra)  fo 
2.7-kg  (6-lb)  sand-contaminated 
explosive  detonations  and  vari¬ 
ous  stemming  conditions. 


for  sand-c'  nt:. minuted,  stemmed 
detonations  are  added  for  comparison. 
Those  points  indicate  what  would  be  logi¬ 
cally  assumed:  that  the  lack  of  stemming 
may  have  a  significant  effect  on  the  crater. 

i/v  and  that  the  result  of  a  water- 
stemmed  detonation  would  lie  somewhere 
be'woen  the  stemmed  ease  and  the  un- 
slammed  vase.  Table  3.2  is  a  listing  of 


the  crater  data  for  each  of  the  24  detona¬ 
tions  conducted  in  the  series.  The 
results  of  the  fallout  simulation  program 
are  presented  in  a  subsequent  soetion. 

TRACER  TESTING 

As  mentioned  in  the  previous  section, 
nine  of  the  2.7-kg  (6-lb)  and-contaminated 


Apparent  Apparent 

Depth  of  crater  crater  Crater 

burial  radius,  Ra  depth,  Da  volume.  Va 

Eventa  ivn)  (ft)  (m)  (ft)  (m)  (ft)  (m3)  (ft^T 


A- 1 

0.46 

1.5 

1.34 

4.4 

0.79 

2.6 

1.71 

60.5 

1 

• 

A-2 

0.46 

1.5 

1.28 

4.2 

0.73 

2.4 

1.40 

49.5 

f 

A -3 

0.46 

1.5 

1.25 

4.1 

0.73 

2.4 

1.40 

49.5 

1 

A-4 

0.69 

2.25 

1.49 

4.9 

1.01 

3.3 

2.86 

101.0 

A-5 

0.69 

2.25 

1.40 

4.G 

0.91 

3.0 

2.14 

7  5.5 

A-6 

0.69 

2.25 

1.49 

4.9 

0.94 

3.1 

2.38 

84.0 

A-7 

0.91 

3.0 

1.62 

5.3 

1.01 

3.3 

3.16 

111.75 

A-8 

0,91 

3.0 

1.52 

5.0 

1.13 

3.7 

2.91 

102.75 

A-9 

0.91 

3.0 

1.58 

5.2 

0.88 

2.9 

2,87 

101.2 

A- 10 

1.14 

3.75 

1.55 

5.1 

1.04 

3.4 

3.16 

111,5 

A-  1 1 

1.14 

3.75 

1.62 

5.3 

0.88 

2.9 

3.16 

111.5 

A-12 

1.14 

3.75 

1.52 

r  .6 

0.88 

2.9 

2.46 

86.75 

A  -13 

1.37 

4.5 

1.62 

5.3 

0.67 

2.2 

2.78 

98.25 

- 

A- 14 

1.37 

4.5 

1.52 

5.0 

0.70 

2.3 

2.28 

80.50 

A- 1 5 

1.37 

4.5 

1.52 

5.0 

0.52 

1.7 

1.80 

63.75 

B-l 

0.46 

1.5 

1.37 

4.5 

0.76 

2.5 

1.97 

69.5 

B-2 

0.68 

2.25 

1.49 

4.9 

0.85 

2.8 

2.41 

85.25 

B-3 

0.91 

3.0 

1.49 

4.9 

1.04 

3.4 

2.79 

98.5 

- 

E-3R 

0.91 

3.0 

1.52 

5.0 

1.13 

3.7 

3.03 

106.9 

B-4 

1.14 

3.75 

1.71 

5.6 

0.79 

2.6 

3.16 

111.5 

B-5 

1.37 

4.5 

1.49 

4.9 

0.30 

1.0 

1.13 

40.0 

t 

C-l 

0.686 

2.25 

1.19 

3.9 

0.85 

2.8 

1.46 

51.44 

C-2 

0.914 

3.0 

1.31 

4.3 

0.91 

3.0 

1.89 

66.67 

n-i 

_ b 

D-2 

0,914 

3.0 

1.43 

4.7 

1.04 

3.4 

2.66 

93.35 

a,lA  1 

series  was 

fully  stemmed 

using 

the  Dure 

explosive; 

D  senes 

was  fully 

stemmed  using  the  sand-contaminate  explosive;  C  series  was  air-stemmed  using  the 
sand-ccntaminate  explosive:  'D  1  series  was  water-stemmed  using  the  sand-contaminate 
explosive. 

^Misfired  due  to  detonator  separation. 
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Fig.  3,10.  Site  300  cratering  data  (Dg)  for 
2.7-kg  (6-lb)  sand-contaminated 
explosive  detonations  and  vari¬ 
ous  stemming  conditions. 


detonations  conducted  at  the  Site  300 
test  facility  included  a  test  of  the  fall¬ 
out  tracer  program.  The  270  g  (0.6  lb) 
of  sand  placed  in  the  explosive  in  •  ach 
of  these  detonations  was  coaled  with 
0.25  g  of  the  trace  element  iridium.  The 
steeply  rolling  terrain  at  the  test  site  and 
the  location  of  buildings  dictated  the  place¬ 
ment  of  the  fallout  sample  collection 
array.  The  collection  array,  in  turn, 
dictated  the  wind  conditions  to  be  met  at 
the  time  of  each  detonation.  The  collec¬ 
tion  array  is  shown  in  Fig.  3.11.  A  0.61- 
X  0.61-m  (2-  X  2  -  ft)  aluminum  tray  was 
placed  at  the  intersection  of  each  arc  and 
radial  line.  Louvers  were  installed  in 
each  tray  to  prevent  the  escape  of  parti¬ 
cles  entering  the  tray.  This  type  of  col¬ 
lection  tray  had  been  used  previously  in 
the  collection  of  radioactive  fallout  from 
nuclear  cratering  detonations  at  NTS. 

Following  each  detonation,  the  mate¬ 
rial  collected  from  each  tray  was  weighed, 
sieved  for  the  desired  particle  sizes,  and 
an  aliquot  of  each  particle  size  was  acti- 
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Fig.  3.11.  Site  300  fallout  collection 
array. * 


rated  with  neutrons.  Following  neutron 
activation  and  about  a  3-week  wait  to 
maximize  the  iridium  signal  to  back¬ 
ground  noise,  the  samples  were  counted 
in  the  SRI  sodium-iodide  gamma  ray 

4 

spectrometer.  The  number  of  disinte¬ 
grations  per  minute  for  the  iridium- 192 
gamma  ray  at  0.506  X  10  ^  J  (0.316  MeV) 
was  then  converted  to  grams  of  iridium 


-14- 


for  each  sample.  With  the  grams  of  irid¬ 
ium  recovered  from  each  tray,  isodeposi¬ 
tion  lines  were  plotted  for  each  detonation 
as  shown  in  Figs.  3.12  through  3.15.  The 
integration  of  the  amount  of  iridium  de¬ 
posited  over  the  fallout  area  produced  the 
ampunt  of  iridium  vented  by  the  detonation. 


The  vent  fraction,  f  for  each  detonation 

*  4 

was  then  determined  through  the  formula  : 


j  _  Ir  (out) _ 

~  Ir  (placed  in  charge ) 

Table  3.3  shows  the  results  of  the 
Site  300  tracer  program.  A  total  of 


lxl0‘6g/m2 


-lx10'5g/m2 


•  1  X  10  2  g/ m2 


•5x10  g/m* 


\  \  1  xl°  3g/m2 


■5xl0'7g/m2  \ 


Fig.  3.12.  Indium  deposition  density  contours  from  1  X  10  to  5  X  10  g/m  for 
all  particle  sizes  (Event  B-3R).4 
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Number 


Event 

Date 

7m 

DOB 

J - HTT 

Stem  - 
ming 

Wind 
di  rection 

Wind 

{km/hr7 

speed 
(mi  /hr) 

Vi  nt 
fraction 

of 

samples 

B-3 

12/20 n  i 

0.9 

3.0 

sand 

150 

6.4 

4 

21.0 

300 

C-2 

3/7/72 

0.9 

~-3.0 

.air 

120 

12,9 

8 

36.4 

254 

D-2 

4/19/72 

0.9 

3.0 

water 

130-165 

11.0 

7.3 

43.4 

298 

B-3R 

4/4/72 

0.9 

3.0 

sand 

195 

1 1.0 

7.2 

20.8 

312 

*3  “8  2 

Fig.  3.15.  Iridium  deposition  density  contours  from  1  X  10  to  5  X  10  g / m  for 
all  particle  sizes  (Event  D-2). 


1,  SS'1  samples  were  processed  aB  de¬ 
scribed  ve.  The  event  listed  as 
B-  3R  is  a  repeat  of  the  B- 3  event. 

The  purpose  of  this  duplication  was 
to  verify  the  reproducibility  of  the 
tracer  system. 


The  differences  in  the  vent  fractions 
for  the  B-3,  C-2,  and  D-2  points  demon¬ 
strate  the  sensitivity  of  the  tracer  pro¬ 
gram  to  the  different  types  of  stemming 
employed.  The  reproducibility  of  the 
vent  fractions  obtained  from  this  system 
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is  demonstrated  in  the  duplication  of  the 
results  obtained  in  the  B-3  and  B-3R 
tests.  The  vent  fractions  obtained  in  this 
series  of  tests  cannot  be  related  directly 
to  nuclear  events  with  like  stemming  con¬ 
ditions.  Not  only  are  the  charges  very 
small,  but  no  consideration  was  given  to 
matching  uphole  velocities,  scaling  of 
emplacement  hole  size,  or  other  model¬ 
ing  considerations.  Comparison  within 
the  test  results  tnemselves  does  point  out 
some  generalities.  The  vent  fraction  for 
an  unstemmed  detonation,  as  would  be 
expected,  is  higher  than  the  vent  fraction 
for  a  fully  stemmed  detonation.  However, 
the  water-stemmed  detonation  which  pro¬ 
duced  a  crater  very  close  to  that  of  the 
fully  stemmed  detonation  yielded  a  signifi¬ 
cantly  higher  vent  fraction.  The  similarity 
in  crater  size  would  indicate  a  similarity 
in  cratering  phenomena,  yet  the  differences 
in  vent  fraction  indicate  a  possibly  signif¬ 
icant  difference  in  cratering  phenomena 
between  the  two  stemming  conditions. 

This  paradox  has  not  been  resolved  to 
date. 

ONE-TON  TRACER  TESTING 

During  the  same  time  period  that  the 
Site  300  2.7-kg  (6-lb)  test  series  was 
being  planned  and  conducted,  EERL  was 
conducting  a  series  of  sixteen  907 -kg 
(1-ton)  detonations  at  Trinidad,  Colorado. 
The  background,  the  purpose,  and  the 
results  of  this  test  series  are  reported  in 
Ref.  7.  Charges  were  detonated  at 
various  depths  of  burial  and  with  various 
types  of  stemming.  This  opportunity  was 
used  to  develop  tho  tracer  program  data 
collection  and  analysis  techniques  in 
detonations  at  the  907 -kg  (1-ton) 


level  prior  to  the  conduct  of  any  large 
detonations  in  the  63  X  10^  J  to  84 
X  10^  J  (15-  to  20-ton)  yield  range. 

Four  traced  detonations  were  con¬ 
ducted  in  a  massive  sandstone  formation. 
The  charges  were  identical  except  for  the 
type  of  stemming  employed.  Table  3.4 
lists  emplacement  characteristics  for 
each  of  the  traced  events.  Each  charge 
consisted  of  907 -kg  (1  ton)  of  1RECO 
slux-ry  blasting  agent,  TD-2.  Table  3.5 
shows  the  characteristics  of  this  alumi¬ 
nized  ammonium  nitrate  slurry  explo¬ 
sive. 

The  cylindrical  charge  cavities  were 
0.91  m  (3  ft)  in  diameter  and  1.07  m 
(3.5  ft)  in  height.  Each  charge  contained 
91  kg  (200  lb)  (10%  by  weight)  of  the 
sand  particles  tagged  with  approximately 
90  g  of  iridium.  The  sand  particles  were 
uniformly  distributed  throughout  the  ex¬ 
plosive.  Charges  were  detonated  with  a 
5.4-kg  (12-lb)  pentolite  booster,  which 
was  initiated  with  primacord.  The  result¬ 
ing  crater  dimensions  are  shown  in 
Table  3.6.  The  significantly  larger  cra¬ 
ter  produced  by  the  M-16  detonation  is 
attributed  to  the  greater  effectiveness  of 
the  concrete  stemming  compared  to  the 
other  types  of  stemming.  High-speed 
photography  of  this  event  showed  that  the 
10-cm  (4-in.)  open  hole  "pinched  off"  and 
did  not  permit  complete  escape  of  the  ex¬ 
plosive  gases. ^ 

Fallout  sample  collection  was  acconr. 

2 

plished  utilizing  the  same  0.61-m  (2 -  ft  ) 
aluminum  louvered  trays  as  used  in  theSite 
300  testing.  Figures  3.16  and  3.17  show 
the  collection  array  used  for  each  of  these 
detonations.  Debris  collected  in  each 
tray  was  weighed,  packaged,  and  returned 
to  SRI  for  processing.  The  mass  of 
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Table  3.4.  Middle  Course  II  tracer  detonations. 


Event 

DOB 

Stemming 

Emplacement 
hole  size 

(m) 

(ftT 

(m) 

(ft) 

M-4 

6.1 

20 

Water 

0.91 

3 

M-9 

6.1 

20 

Air 

0.91 

3 

M-13 

6.1 

20 

Native  material 

0.91 

3 

M-16 

6.1 

20 

Partially  stemmed8 

0.91 

3 

‘h'he  0  ,91-m  (3  ft)  emplacement  hole  was  partially  stemmed  with  concrete 
4.57  m  (15  ft)  and  native  material — top  1.5  m  (5  ft) — leaving  a  10.2-cm  (4-in.)  un¬ 
stemmed  (open  hole).  This  test  was  sponsored  by  the  Sandia  Laboratories,  Albuquerque. 


7 

Table  3.5.  TD-2  explosive  characteristics. 


Aluminum  content,  % 

18  to  20 

Density,  g/cm 

1.35 

Detonation  velocity,  m/sec 

4,450. 

Detonation  pressure,  kbar 

75 

Heat  of  detonation,  cal/g 

1,500  ±  50 

TNT  equivalence 

1.4 

iridium  in  each  tray  was  determined  as  dis¬ 
cussed  in  the  previous  section.  Iridium 
isodeposition  lines  were  plotted  and  the 
mass  of  iridium  vented  was  determined 
by  integration  of  the  fallout  area.  Prob¬ 
lems  were  encountered  in  determining  the 
local  fallout  area  due  to  the  lack  of  an 
accurate  definition  of  the  limit  of  the  con¬ 


tinuous  ejecta.  The  term  vent  fraction, 
f^  is  defined  as  the  percentage  of  the 
radioactivity  produced  by  a  detonation 
that  is  deposited  in  the  local  fallout  area. 
The  local  fallout  area  is  defined  as  the 
area  from  beyond  the  limits  of  the  con¬ 
tinuous  ejecta  produced  by  the  crater  to 
the  limit  of  significant  gravity  fallout. 

The  value  of  the  outer  limit  is  not  criti¬ 
cal  in  determining  the  vent  fraction  be¬ 
cause  the  amount  of  fallout  deposited  at 
large  ranges  is  orders  of  magnitude  less 
than  the  amounts  found  very  cloBe  to  the 
crater.  The  value  of  the  limit  of  the  con¬ 
tinuous  ejecta  is,  however,  very  critical 
in  determining  the  fraction  vented. 
Samples  of  the  debris  were  collected  very 
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Table  3.6.  Middle  Course  II  crater  dimensions. 


Event 

Depth  of 
burial 

Apparent 
crater 
radius,  R& 

Apparent 
crater 
depth,  Da 

Crater 
volume,  Vft 

Lip  crest 
radius,  Rgl 

(m) 

(ft) 

(m) 

(ft) 

(m) 

(ft) 

(m3) 

(yd3) 

(m) 

(ft) 

M-4 

6.1 

20 

6.9 

22.7 

3.4 

11.3 

187 

244 

8.2 

27 

M-9 

6.1 

20 

6.6 

21,5 

3.0 

10 

200 

261 

9.3 

36.5 

M-13 

6.1 

20 

7.2 

23.5 

3.8 

12.6 

232 

304 

9.6 

31.5 

M-16 

6.1 

20 

8.2 

27.0 

4.5 

14.8 

401 

524 

10.1 

33 

■A 
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Note:  For  convenience,  the  Middle  Course  II 
collector  grid  was  labeled  counterclock¬ 
wise  beginning  at  an  arbitrary  zero  point. 
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designation 

(m) 

(yd) 

A 

23 

25 

B 

46 

50 
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69 

75 
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100 

110 

i 
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160 

170 

i 

F 
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G 
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250 

H 

280 
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1 

340 

370 

| 

J 

400 

440 

| 

K 

440 

480 

i 

i 

L 
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500 

M 
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580 

V 

N 
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730 

i 

O 

800 

880 

j 

P 

1,010 

1,100 

Q 

1,190 

1,300 

* 

R 
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1,600 

S 

1,740 

1,900 

T 

1,830 

2,000 

Fig.  3.16.  '"'lose-in  fallout  collection 
array  for  Project  Middle 
Course  II.  4 


close  to  the  crater  well  within  the  contin¬ 
uous  ejecta,  but  those  samples  deter¬ 
mined  to  be  within  the  continuous  ejecta 


1 


during  poelBhot  data  analysis  were  not 
included  in  the  summation  of  the  iridium 
deposition.  Table  3.7  shows  the  vent 
fraction  determined  for  various  limits  of 
continuous  ejecta  for  each  of  the  Middle 
Course  II  detonations.  Examination  of 
the  vent  fractions  shown  in  this  table 
demonstrates  the  sensitivity  of  these  cal¬ 
culations  to  the  value  of  the  limit  of  con¬ 
tinuous  ejecta.  An  approximate  limit  of 
continuous  ejecta  of  36.6  m  (40  yd)  has 
been  selected  based  on  the  observed  mass 
deposition  in  the  fallout  collection  trays 
located  at  ranges  of  22.9  and  45.7  m  (25 
and  50  yd). 

In  looking  at  the  vent  fraction  data  it 
must  be  understood  that  as  in  the  Site  300 
tests,  no  attempt  was  made  to  model 
nuclear  detonation  parameters.  A  gen¬ 
eral  comparison  could  be  made  for  the 
stemmed  detonation  except  that  it  was 
stemmed  with  layers  of  the  material 
removed  from  the  access  hole  and  not  the 
intricately  keyed  and  designed  stemming 

7 

employed  in  previous  nuclear  detonations. 

The  M-9  (unstemmed)  detonation  shows 
a  consistently  lower  vent  fraction  regard¬ 
less  of  the  radius  of  continuous  ejecta 
used.  These  values  demonstrate  a  signif¬ 
icant  constraint  in  the  use  of  the  fallout 
simulation  system;  i.e.,  the  need  to  have 
proper  wind  direction.  The  wind  direc¬ 
tion  on  the  other  three  traced  detonations 
was  such  that  the  debris  cloud  was  di¬ 
rected  over  the  collection  array.  The 
wind  for  the  M-9  event  was  not  in  the 
proper  direction  at  shot  ti  ie  and  carried 
the  fallout  across  o.  ■  a  j  rtion  of  the 
collection  array.  In  c  i  »ring  the  vent 
fractions  obtained  at  Tr  iad  and  at 
Site  300  there  is  consistency  in  the  re¬ 
sults  in  that  the  vent  fraction  for  the 
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A  Air  sampler 
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—  Secondary  arcs  and  collectors 


Fig.  3.17.  Intermed.ate  range  fallout  collection  array  for  Project  Middle  Course  II. 


water-stemmed  detonations  is  higher  than 
the  stemmed  detonations  in  both  tests. 
These  data  demonstrate  the  sensitivity  of 
the  fallout  simulation  system  to  the  vari¬ 
ous  stemming  conditions  to  include  sensi¬ 
tivity  to  different  sized  unstemmed  em¬ 
placement  holes  (M-13  vs  M-16). 


The  deposition  of  iridium  in  the  Middle 
Course  II  events  has  been  related  to  nu¬ 
clear  fallout  dose  rate  contours  and  is 
reported  in  Ref.  4.  This  was  done  by 
scaling  the  iridium  deposition  curves  to  a 
normalized  iridium  deposition  curve. 

The  normalized  iridium  deposition  curve 


N 


Table  3.7. 

4 

Middle  Course  II  iridium  vent  fractions 
ejecta. 

for  various  radii 

of  continuous 

Eventa 

Assumed 
radius  of 
continuous 
ejecta 

(yd)  (m) 

Area  of 
continuous 
ejecta 

(m2) 

Calculated 
weight  of 
iridium 
(g) 

Iridium 
vent  fraction; 
total  weight 

=  83.5  g 
(To) 

M-4 

25 

22.9 

1,640 

66.7 

79.9 

M-9b 

25 

22.9 

1,640 

28.1 

-33.6 

M- 13 

25 

22.9 

1,640 

48.6 

58.2 

M- 16 

25 

22.9 

1,640 

47.5 

56.8 

M-4 

30 

27.4 

2,360 

59.6 

71.5 

M-9b 

30 

27.4 

2,360 

20.2 

24.2 

M-13 

30 

27.4 

2,360 

40.2 

48.1 

M*  16 

30 

27.4 

2,360 

43.1 

51.6 

M-4 

35 

32.0 

3,220 

51.2 

61.3 

M-9b 

35 

32.0 

3,220 

14.1 

16.9 

M-13 

35 

32.0 

3,220 

34.2 

40.9 

M- 16 

35 

32.0 

3,220 

39.7 

47.5 

M-4 

40 

36.6 

4,200 

43.6 

52.1 

M-9b 

40 

36.6 

4,200 

10.1 

12.0 

M-13 

40 

36.6 

4,200 

28.9 

34.6 

M-16 

40 

36.6 

4,200 

36.4 

43.6 

M-4 

45 

41.1 

5,320 

37.1 

44.4 

M-9b 

45 

41.1 

5,320 

7.7 

9,3 

M-13 

45 

41.1 

5,3  20 

25.1 

30.1 

M-16 

45 

41.1 

5,320 

34.7 

41.6 

M-4 

50 

45.7 

6,570 

32.3 

38.6 

M-9b 

50 

45.7 

6,570 

6.4 

7.7 

M-13 

50 

45.7 

6,570 

21.2 

25.4 

M-16 

50 

45.7 

6,570 

30.4 

36.5 

M-4 

55 

50.3 

7,950 

27.7 

33.1 

M-9b 

55 

50.3 

7  950 

5.3 

6.4 

M-13 

55 

50.3 

7,950 

18.3 

21.9 

M-16 

55 

50.3 

7,950 

28,2 

33.8 

aValue3  for  all  events  are  based  on  measured  points  from  the  45.7-m  (50-yd)  ejecta 
range  out. 

bDue  to  winds  at  firing  time.  Event  M-9  was  not  contained  within  the  collection  array. 
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was  then  related  to  the  normalized  nu¬ 
clear  curve  by  meanB  of  a  scaling  factor 
of  5  X  10  .  Both  curves  were  then  used 
to  make  fallout  predictions  for  an  as¬ 
sumed  situation.  The  predictions  devel¬ 
oped  are  illustrated  in  Fig.  3.18.  It  can 
be  seen  that  the  correlation  between  the 
normalized  iridium  model  and  the  nor¬ 
malized  nuclear  data  is  excellent  out  to  a 
dose  rate  of  approximately  10  Roentgens 
per  hour  (R/hr).  However,  the  far-out 
regions  of  the  iridium  contours  (at  ranges 
beyond  those  equivalent  to  downwind  dose 
rates  of  about  10  R/hr)  do  not  match  the 
nuclear  contours. 


1  Roentgen  =  2,579  X  10~4  coulomb/ 
kilogram  (  c/kg). 


Fig.  3.18,  Comparison  of  dose  rate  con¬ 
tours  for  iridium  model  and 
equivalent  nuclear  event  at 
H+l  hr.  4 
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Chapter  4 

Multiton  Slurry  Testing 


GENERAL 

In  October  J971,  a  series  of  multiton 
cratering  experiments  was  conducted  at 
Fort  Peck,  Montana,  as  Phase  IIA  of 
Project  Diamond  Ore.  Three  cratering 
charges,  each  having  a  weight  of  about 
9,070  kg  (10  tons)  of  the  sand- 
contaminated  slurry  explosive,  were 
detonated.  Two  of  these  detonations 
were  at  a  DOB  of  12.5  m  (41  ft)  with  one 
detonation  unstemmed,  DOIIA-1,  and  one 
detonation  stemmed,  DOHA- 2.  The  third 
detonation,  DOUA-3,  had  a  DOB  of  6  m 
(19.7  ft)  and  was  stemmed.  The  purpose, 
experimental  description,  and  results  of 
these  detonations  are  described  in  detail 
in  Appendix  C.  This  chapter  is  a  dis¬ 
cussion  of  the  explosives  instrumentation 
program  performed  on  these  three 
detonations. 


EXPLOSIVES  INSTRUMEN¬ 
TATION  PLAN 

The  slurry  charges  detonated  in 
Phase  IIA  were  instrumented  to  obtain 
data  for  use  in  verifying  the  equation  of 
state  (EOS)  data  to  be  obtained  by  the 
Chemistry  Department  at  LLL  from 
smaller  laboratory  tests.  These  labora¬ 
tory  tests  had  not  been  initiated  at  the 
time  the  ^hase  IIA  detonations  were  con¬ 
ducted.  Two  types  of  measurements, 
detonation  velocity  and  detonation  pres¬ 
sure,  were  attempted  in  each  detonation. 


"Rate  sticks"  were  used  to  measure 
the  explosives  detonation  velocity.  These 
rate  sticks  were  constructed  of  a  series 
of  piezoelectric,  coaxial  transducer  pins 
(PZ)  as  shown  in  Fig,  4.1,  Piezoelectric 
pins  are  signal  self-generating  and  oper¬ 
ate  at  lower  pressures  than  conventional 
self-shorting  pins.  The  active  element 
is  a  BaTiO^  disk  that  accumulates  a 
charge  upon  its  poled  faces  when  com¬ 
pressed.  The  output  signal  shape  is  re¬ 
lated  to  the  input  pressure  in  a  complex 


Fig.  4.1.  Typical  rate  stick  construction 
for  Phase  IIA  detonations. 


manner,  being  related  to  the  impedance  input  directly  into  the  recording  tnstru- 

of  the  recording  instrument  and  the  Curie  ment  without  intermediate  circuitry,  and 

point  of  the  material.  The  Curio  point  in  they  operate  at  lower  pressures.  A 

turn  is  a  function  of  temperature  and  40-kbar  shock  pressure  will  usually  pro¬ 
pressure.  The  pins  therefore  cannot  duce  a  40-V  pulse  across  50  0  with  a 

be  used  as  pressure  transducers,  Only  50-psec  rise  time.  The  detonation  shock 

tile  PZ  pin  polarity  may  be  controlled  for  wave  causes  the  PZ  pin  to  discharge  its 

pulse  identification  purposes,  PZ  pins  voltage  signals.  The  arrtval  times  for 

may  be  used  as  position  transducers  in  a  all  pins  on  each  rate  stick  were  recorded 

manner  similar  to  self-shorting  pins.  on  a  Raster  oscilloscope.  The  distance 

Their  chief  advantages  are  that  they  make  between  pins  on  each  rate  stick  was 


measured  and  recorded  prior  to  emplace¬ 
ment  of  the  stick.  The  velocity  of  the  de¬ 
tonating  wave  was  then  calculated  from 
the  time  and  distance  data.  As  shown  in 
Fig.  4.2.  four  rate  sticks  were  placed  in 
vertical  plane  in  each  cavity.  The  rate 
sticks  numbered  2,  3.  and  4  were  care¬ 
fully  aligned  so  that  the  end  of  each  PZ 
pin  was  on  a  radial  line  from  the  center 
of  the  charge  and  at  an  angle  of  about 
45  deg  from  the  horizontal.  Rate  Stick  1 
was  attached  to  the  support  ring,  which 
also  held  and  located  the  charge  booster 
ir.  the  center  of  the  cavity. 

A  plastic  gage  was  used  to  make  single 
peak  pressure  measurements  near  the  top 
of  each  charge  as  shown  in  Fig.  4,2. 

These  plastic  gages  were  mounted  on  the 
booster  support  ring  at  a  distance  of 
abcut  cm  (29  in.)  from  the  charge 
center.  In  order  to  operate  properly, 
these  gages  require  a  stress  pulse  that 
rises  above  approximately  50  kbar  in 
about  20  nsec.  Previous  experience 
with  this  gage  at  LLL  had  shown  a  record 
of  high  reliability. 

EXPLOSIVE  INSTRUMEN¬ 
TATION  RESULTS 

The  data  recorded  from  each  rate 
stick  are  listed  in  Tables  4.1,  4.2,  and 
4.3  for  each  detonation  and  plotted  in 
Fig.  4.3  to  show  a  comparison  of  the  ve¬ 
locities  recorded  for  each  rate  stick. 

The  velocities  recorded  by  the  rate  sticks 
for  the  first  detonation,  DOIIA-1  (un- 
(stemmed  at  12.5  m  —  41  ft),  show  excellent 
reproducibility  within  the  charge  and  a 
detonation  velocity  of  about  4  mm/*isec. 

The  pressure  gage  for  this  detonation  pro¬ 
duced  a  clear  signal  indicating  a  peak 

8 

pressure  of  about  80  kbar.  This  level  is 


in  general  agreement  with  the  expected 
detonation  pressure.  The  velocities  re¬ 
corded  for  the  second  detonation,  DOILA-2 
(stemmed  at  12.5  m  (41  ft)),  show  significant 
differences  in  each  quadrant  of  the  explo¬ 
sive  and  are  significantly  slower  than  the 
velocity  measured  in  the  DOIIA-1  detona¬ 
tion.  The  pressure  gage  for  the  detonation 
produced  only  noise.  Lack  of  a  signal  indi¬ 
cates  that  the  detonation  v<ave  rise  time 
was  too  long  and/or  the  pressure  level 

O 

was  too  low  to  be  recorded.  Only  Rate 
Stocks  2  and  3  produced  data  in  the  third 
detonation,  DOIIA-3  —  stemmed  at  G  m 
(19.7  ft).  The  loss  of  Rate  Sticks  1  and  4 
was  discovered  prior  to  detonation  and  is 
attributed  to  failure  of  the  cable  connection 
or  of  the  diode  board  during  explosive 
loading.  The  velocities  recorded  indicate 
different  velocities  for  the  two  quadrants 
although  the  difference  is  not  as  signifi¬ 
cant  as  in  the  DOIIA-2  detonation.  The 
detonation  velocities  were  again  slower 
than  the  DOIIA-1  detonation.  The  plastic 
gage  failed  to  provide  a  signal  on  this 
detonation  for  the  same  apparent  reason 
as  in  the  DOIIA-2  detonation.® 

Possible  causes  for  the  erratic  behav¬ 
ior  of  the  explosive  were  considered. 

The  DOIIA-1  detonation  was  unstemmed 
and  the  DOIIA-2  and  DOIIA-3  detonations 
were  both  fully  stemmed.  Because  the 
two  stemmed  detonations  produced  erratic 
results,  the  stemming  procedures  were 
examined,  The  stemming  material  used 
to  backfill  the  0.91  -m  (3  ft)  diameter 
emplacement  holes  was  a  medium  match¬ 
ing  cement  grout.  The  grout  was  poured 
down  the  emplacement  hole  with  a 
"Trimie"  with  a  piece  of  plywood  placed 

A  canvas  pipe  used  to  guide  concrete 
and  limit  its  freefali  distance. 
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Table  4.1.  Rate  stick  measurements.  Diamond  Ore  IIA-1®  [DOB  — 12.5  m  (41  ft),  un- 
stemmed) . 


Rate  stick 

Distance 

(mm) 

Real  time 
(/usee) 

Detonation 

velocity 

(mm/#isec) 

1 

114.3 

31.4 

4.1 

205.6 

53.7 

4.0 

297.8 

76.7 

- - . - 

-=—  — - 

- =- - — 

*•3.9 

389.7 

100.0 

4.1 

481.7 

122.3 

^4.5 

574.1 

142.7 

-4.7 

666.0 

162.1 

—  4.8 

758.0 

181.1 

4.7 

850.5 

200.5 

2 

476.3 

102.8 

-  -  .  _  ..  . — 

4.1 

527.1 

115.2 

-  - 

4.2 

577.0 

127.0 

628.0 

138.0 

4.0 

,  -V  4.7 

679.1 

148.9 

4.9 

729.9 

159.3 

5.0 

780.2 

169.3 

5.2 

831.4 

179.2 

882.2 

188.8 

•  0.0 

-  -  5.2 

933.3 

198.5 

3 

609.5 

136.2 

660.1 

147.? 

4.0 

4.8 

710.9 

158.0 

,  5.0 

761.6 

168.1 

5.1 

812.8 

178.1 

5.2 

863.3 

187.7 

5.3 

914.3 

197.4 

5.2 

965.2 

207.1 

4 

625.1 

140.2 

4.5 

675.4 

151.3 

4.8 

726.6 

161.9 

4.5 

777.3 

172.2 

5.0 

828.5 

182.4 

5.0 

878.8 

192.4 

5.3 

929.9 

201.1 

5.2 

980.5 

211.8 
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Table  4.2.  Rate  stick  measurements,  Diamond  Ore  IIA-29  (DOB  =  12.5  m  (41  ft), 
stemmed]  . 


Hate  stick 

Distance 

(mm) 

Real  timea 
(/isec) 

Detonation 

velocity 

(mm/psec) 

1 

95.3 

19.5 

4.1 

187,0 

40.3 

278.9 

78.9 

-  2.4 

1.8 

1.7 

371.3 

130.0 

463.3 

184.3 

"2 

368.3 

110.1 

419.3 

132.8 

2.2 

469.2 

156.2 

2.1 

520.8 

181.0 

2.1 

3 

473.1 

147.3 

1.9 

1.6 

524.1 

174.1 

574.3 

205.7 

4 

495.3 

149.9 

2.2 

54  5.4 

172.9 

596.9 

197.1 

2. 1 

0 

Additional  pins  not 
loscope  sweep  time  of 

recorded  due 
210  msec, 

to  signal  arrival  after  completion  of  Raster  oscil- 

on  top  of  the  explosive  to  prevent  the  fall¬ 
ing  grout  from  penetrating  into  the  explo¬ 
sive.  It  is  suspected  that  the  grout  may 
have  penetrated  the  explosive  at  various 
points  causing  discontinuities  that  re¬ 
sulted  in  the  erratic  detonation  velocities. 
The  pressure  of  the  first  layer  of  stem¬ 
ming  grcwt  on  the  explosive  was  about 


0.5  bars  (6psi).  This  pressure  may  have 
been  sufficient  to  cause  discontinuities  in 
the  density  of  the  explosive,  again  possibly 
resulting  in  the  erratic  detonation  velocities. 
The  explosive  itself  was  also  suspected 
because  no  detailed  early  initiation-time 
laboratory  measurements  of  its  detona¬ 
tion  characteristics  had  been  made. 


r 
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Table  4.3. 

Rate  stick  measurements, 
stemmed). 

Diamond  Ore  IIA-39  [DOB 

=  6  m  (19.7  ft), 

Real  time 

Detonation 

Distance 

velocity 

Rate  stick 

(mm) 

(p  sec) 

(mm/jisec) 

Additional  pins  not  recorded  due  to  signal  arrival  after  completion  of  Raster  oscil¬ 
loscope  sweep  time  of  120  msec. 
bNo  data. 


Chapter  5 

Explosives  Equation-of-State  and  Detonation  Velocity  Testing 


GENERAL 

When  the  large-scale  experiments  at 
Fort  Peck,  Montana,  had  been  completed 
and  the  problems  in  reproducibility  of 
the  Diamond  Ore  slurry  explosive  had 
been  recognized,  a  comprehenoive  series 
of  tests  were  conducted  in  an  attempt  to 
solve  the  problems  in  addition  to  deter¬ 
mining  a  usable  EOS  for  this  slurry  ex¬ 
plosive.  As  detailed  in  Chapter  4,  the 
explosive  had  performed  as  expected  in 
the  unstemmed  detonation  but  had  deto¬ 
nated  in  an  erratic  manner  in  the  two 
Phase  ILA  stemmed  detonations  at  Fort 
Peck.  Before  this  apparent  stemming 
dependency  could  be  evaluated,  the  re¬ 
producibility  of  the  Diamond  Ore  explo¬ 
sive  had  to  be  determined.  This  was  to 
be  accomplished  in  conjunction  with  the 
hydrodynamic  tests  designed  to  provide 
data  for  the  EOS,  which  was  required  for 
computer  code  development.  Little  pre¬ 
vious  work  had  been  done  in  attempting  to 
define  the  detonation  parameters  of  the 
ammonium-nitrate-base  composite  explo¬ 
sives.  Some  previous  work  had  been 
done,  however,  in  developing  EOS  testing 

techniques  for  simpler  types  of  composite 

.10 

explosives. 

SIX-INCH  SPHERE 
VELOCITY  TESTING 

The  cratering  experiments  using 
slurry  explosives  in  the  15.2-cm  (6-in.) 
diameter  spheres  described  in  Chapter  3 
had  been  interupted  by  the  large-scale 
testing  at  Fort  Peck.  Upon  completion  of 


the  DOHA  experiments,  this  testing  was 
continued.  In  an  attempt  to  obtain  a  quick 
look  at  the  reproducibility  of  this  slurry 
explosive,  detonation  velocity  measure¬ 
ments  were  made  on  12  of  the  15,2-cm 
(6 -in.)  spheres  using  a  simple  rate  stick. 
These  rate  sticks  were  constructed  by 
taping  five  PZ  pins  to  a  micarta  rod.  A 
rate  stick  was  placed  in  each  sphere  as 
shown  in  Fig.  5.1.  The  first  six  spheres 
detonated  contained  the  pure  explosive 
with  the  second  six  spheres  containing  the 
10%  sand-contaminated  explosive.  The 
tests  were  duplicated  with  the  pure  and 
contaminated  explosive  to  determine 


15.2-cm  (&-in  . )  di¬ 
ameter  plastic  sphere 

Detonator  lead  wires 

2.7-kg  (6-lb)  cf 
Diomond  Ore  slurry  ex¬ 
plosive 

5.6-cm  (2,2-in, ) 
diameter  C-4  booster 

SE-1  detonator 
1.3X  1.3-cm  (1/2 
X  1  /2-in. )  tet  pellet 
glued  to  face  of  det¬ 
onator 
Rate  stick 

PZ  Pin  5 
PZ  Pit,  1 

Rubber  silicon  coating 
over  tet  pellet 


Note:  Rote  stick  wos  placed  with  end  of  rote 
stick  ond  first  self-»horting  pin  ogainst 
C-4  booster. 


P’ig.  5.1.  Rate  stick  placement  in  15.2-cm 
(6-  in.)  spheres. 
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Table  5.1. 

Detonation  velocity  — 

15.2-em  itt-in.)  cratering  spheres. 

Detonation 

velocity 

Event 

Explosive 

(mm/nsec) 

Comment8 

*3 

DOVR-1 

Pure  slurry 

3.42 

OS,  ACCEL 

DOVR-2 

Pure  slurry 

4.61 

SOS,  OSC 

§ 

DOVR-3 

Pure  slurry 

5.76 

SOS,  DE  ACCEL 

DOVR-4 

Pure  slurry 

2.99 

OS,  DE  ACCEL 

DOVR-5 

Pure  slurry 

7 

Spurious  signal 

DOVR-6 

Pure  slurry 

3.54 

OS,  DE  ACCEL 

-M 

DOVR-7 

Slurry  with  10%  san  1 

3.39 

OS.  DE  ACCEL 

.4 

DOVR-6 

Slurry  with  10%  sand 

4.74 

OS.  DE  ACCEL 

DOVR-9 

Slurry  with  10%  sand 

3.36 

OS.  OSC 

DOVR-10 

Slurry  with  10%  sand 

3.71 

OS,  DE  ACCEL 

y 

DOVR-U 

Slurry  with  10%  sand 

4.67 

SOS,  DE  ACCEL 

T 

DOVR-12 

Slurry  with  10%  sand 

3.33 

DE  ACCEL 

■5 

aOS — Overdriven  detonation:  ACCEL  — 

-Accelerating  detonation; 

SOS  —  Sustained 

i 

outer  drive;  OSC- 

-Oscillating  detonation; 

i  DE  ACCEL —  Deaccelerating  detonation. 

i 


possible  effects  of  the  sand  contamina¬ 
tion.  The  results  of  tests  are  shown 
in  Table  5.1. 

As  indicated  by  the  comment  column 
in  Table  5.1,  considerable  problems  were 
experienced  in  attempting  to  measure  the 
detonation  velocity  this  close  to  the 
booster.  In  most  cases,  the  booster 
appears  to  have  overdriven  the  explosive, 
and  the  detonation  wave  is  decelerating  to 
what  would  be  considered  the  sustained  or 
true  detonation  velocity  of  the  explosive. 
The  slurry  thickness  surrounding  the 
booster  was  4.8  cm  (1.9  in.).  From  these 
data  it  was  concluded  that  the  critical 
diameter  for  a  sustained  detonation  for 
this  explosive  is  considerably  larger  than 
the  4.8  cm  (1.9  in.)  used  in  these  tests. 
The  velocity  data  obtained  from  these 
tests  cannot,  therefore,  be  considered  as 
indicative  of  any  significant  variations  in 
the  detonation  velocity  of  the  explosive. 


INITIAL  EOS  TESTING 

The  EOS  for  an  explosive  is  a  mathe¬ 
matical  description  oi  the  expansion  of 
detonation  products  that  defines  the 
energy-time  release  relationship  for  that 
explosive  (in  terms  of  volume,  pressure, 
and  temperature).  The  detonation  of 
composite  explosives  is  generally  defined 
in  two  steps:  ignition  followed  by  a  reac¬ 
tion  between  the  fuel  and  oxidizer.  This 
reaction  produced  heat,  gases,  and  solids 
under  high  pressures.  The  heat 
transfer  to  the  gas  and  the  resulting 
expansion  of  the  detonation  products 
result  in  useful  work.  These  chemical 
reactions  occur  in  less  than  a  micro¬ 
second  for  simple  composite  explosives 
but  may  take  many  milliseconds  for 
the  more  complex  composite  explosives, 

such  as  the  Diamond  Ore  water-gelled 

,  10 
explosive. 


i 

I 


j 
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In  order  to  determine  the  energy-time 
release  relationships  for  an  explosive,  a 
series  of  "hydro-shots"  are  conducted. 
These  detonations  are  conducted  under 
laboratory  conditions  with  the  explosive 
carefully  placed  in  a  metal  container 
(cylinder  or  hemisphere)  constructed  of  a 
specific  metal,  usually  copper  or  alumi¬ 
num,  to  rigid  specifications  for  container 
volume,  wadi  thickness,  and  geometry. 
Measurements  of  the  volume  expansion 
rate  of  the  container  during  the  very 
early  detonation  time  are  made.  Based 
on  the  known  container  wall  thickness  and 
the  characteristics  of  the  metal,  calcula¬ 
tions  are  performed  to  derive  data  on 
energy  release  vs  time.  The  volume 
expansion  of  the  container  is  measured 
through  the  use  of  very  high-speed  streak 

photography.  The  streak  camera  is 
-o 

focused  on  a  2.54  X  10  mm  (1-mil)  thick 
cross  section  of  the  container  as  shown 
in  Fig.  5.2a.  As  the  wall  expands,  a 
rotating  prism  passes  the  focused  image 


a.  Metal  cylinder  b.  Streak  camera 

filled  with  explosive  '«cord  of  wall  ex¬ 

pansion  relative  to 
time 

Note:  Cylinder  detonated  by  plane  wove  de¬ 
tonator  and  booster  at  bottom  of  cylinder 

Fig.  5.2.  Cylinder  wall  expansion  testing 
for  equation  of  state  (EOS)  data. 


—  -V 

along  a  length  of  film  at  a  precise  speed. 
The  resulting  photograph  shows  the  ex¬ 
pansion  of  a  small  section  of  the  wall  vs 
time.  A  schematic  of  a  typical  streak 
camera  record  is  shown  in  Fig.  5.2b. 

Other  types  of  instrumentation  are  often 
employed  to  obtain  other  specific  data, 
such  as  the  corresponding  velocity  of  the 
detonation  wave  and  the  detonation  peak 
pressures  at  specific  points  of  interest. 

The  relatively  long  time  for  comple¬ 
tion  of  the  physical  and  chemical  proc¬ 
esses  occurring  in  the  detonation  of  a 
water- gelled,  ammonium -nit rate -based 
explosive  results  in  size  and  yield  de¬ 
pendence  effects  on  the  detonation  param¬ 
eters.  In  large  charges,  the  detonation 
velocity  and  pressure  increase  until  a 
charge  radius  is  reached  where  the  max¬ 
imum  levels  are  obtained  and  the  detona- 

9 

tion  parameters  become  stabilized. 
Because  of  this  detonation  phenomenon,  a 
total  of  eight  EOS  detonations  were 
planned  for  the  Diamond  Ore  explosive. 
Table  5.2  lists  the  size  and  configuration 
for  each  of  these  shots.  Figures  5,3  and 
5.4  are  drawings  of  typical  shot  configur¬ 
ations  showing  other  instrumentation 
employed.  The  cylinder  tests  (two- 
dimensional)  were  conducted  to  insure 
that  the  parameters  measured  in  the 
sphere  tests  held  true  for  the  two- 
dimensional  case.  The  cylinders  were 
initiated  by  plane  wave  lenses  to  reduce 
the  effects  of  reflected  waves  from  the 
cylinder  walls.  The  spheres  were  initi¬ 
ated  by  spherical  boosters  located  pre¬ 
cisely  at  the  charge  center. 

In  order  to  duplicate  as  closely  as  pos¬ 
sible  the  field  conditions  at  Fort  Peck, 
the  Diamond  Ore  explosive  was  delivered 
in  a  pump  truck  to  the  test  area,  LLL 
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Table  5.2.  EOS  test  configurations.  , 


Event  a 

Shape 

Dimensions 
L/d  or  d 
(cm) 

Tnrr 

HE 

C  ontatner 
material 

Booster 

- 

KDO-2 

Cylinder 

5.1  X  30.5 

2X12 

Pure 

C  oppe  r 

P-040b  and  400  g  9404 

4 

KDO-3 

Cylinder 

5. 1  X  30.5 

2X12 

c 

Copper 

P-040  and  400  g  9404 

KDO-4 

Cylinder 

10.2  X  61.0 

4  X  24 

Pure 

Copper 

P-040  and  400  g  9404 

1 

KDO-5 

Cylinder 

20.3  X  122.0 

8  X  48 

Pure 

Copper 

P-080b  and  1600  g  9404 

5 

KDO-6 

Sphere 

20.3 

8 

Pure 

Aluminum 

9404  (sphere) 

KDO-7 

Sphere 

20.3 

8 

Pure 

Aluminum 

9404  (sphere) 

t 

K.DO-8 

Sphere 

61.0 

24 

Sand 

Aluminum 

3  lb  9404  (sphere) 

KDO-9 

Sphere 

61.0 

24 

Sand 

Aluminum 

125  g  9404  (sphere) 

: 

aKDO-l  was  calibration  shot  for  rate  sticks  used  in  Phase  HA  detonations  at  Fort  Peck,  Mont. 
b  P-040  and  P-080  are  plane  wave  lenses. 

C  With  10n  sand. 


area 

Fig.  5.3.  Spherical  configuration  for  EOS 
testing  (typical). 

(Site  300).  The  test  containers  were 
filled  in  the  same  manner  as  the  charge 
cavities  at  Fort  Peck;  i.e.,  by  pumping 
directly  from  the  truck  through  a  5-cm 
(2-in.)  diameter  hose.  As  at  Fort  Peck, 


liquid  ammonia  was  used  to  accelerate 
the  gel  formation  of  the  explosive. 

The  explosive  containers  were  then 
stored  for  about  two  weeks  while  other 
final  preparations  were  being  made  and 
bunker  time  for  the  detonations  was  ob¬ 
tained.  Storage  of  the  explosive-filled 
containers  was  accomplished  in  con¬ 
trolled  environment  bunkers  at  Site  300. 
During  periodic  inspections  of  the  con¬ 
tainers  a  growth  phenomenon  was  ob¬ 
served.  The  explosive  had  expanded  and 
placed  the  container  lids  under  pressure. 
When  opened  the  explosive  grew  out  of  the 
containers  as  shown  in  Fig.  5.5.  This 
expansion  phenomenon  was  believed  to 
have  been  caused  by  gasification  of  the 
ammonia  added  during  filling  operations. 
Containers  were  x-rayed  to  determine 
whether  the  expansion  had  produced  any 
voids,  because  voids  would  seriously 
affect  the  uniformity  of  the  explosive's 
detonation.  Voids  of  various  sizes  were 
found  in  all  containers.  The  appearance 
of  these  voids  was  believed  to  be  a  prime 
candidate  cause  of  the  erratic  detonation 
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SS  and  PZ 


Metal  cylinder 


SS  and  PZ 


PZ  and  SS 


SS  and  PZ 


■ - j - 9404  booster 

-Plane  wave  lens 

- Detonator 

Notes: 

PZ  =  BaTiOg  crystal  pins 
SS  =  Self-shorting  pins 


Fig.  5.4.  Cylindrical  configuration  for 
EOS  testing  (typical). 


velocities  experienced  at  Fort  Peck.  The 
firBt  six  containers  listed  in  Table  5.2 
were  detonated  in  an  attempt  to  obtain 
EOS  data,  although  the  results  were  ex¬ 
pected  to  be  marginal.  As  stated  in 
Chapter  4,  one  of  the  purposes  of  the 
Phase  IIA  detonations  was  to  provide  data 


for  use  in  cratering  code  development. 
Without  a  usable  EOS  for  the  Diamond 
Ore  explosive  as  used  at  Fort  Peck, 
meaningful  calculations  for  theee  events 
could  not  be  conducted.  The  data  ob¬ 
tained  from  the  detonation  of  these  con¬ 
tainers  are  shown  in  Table  5.3.  Densities 
shown  in  Table  5.3  were  measured  just 
prior  to  detonation.  Attempts  at  measur¬ 
ing  detonation  velocities  in  the  cylinder 
shots  were  made  with  two  types  of  pine: 
standard  and  self-shorting.  The  standard 
PZ  pins  used  previously  in  rate  sticks 
were  backed  up  by  th.>  self-shorting  pins. 
The  PZ  pins  are  more  sensitive  and  will 
report  arrival  of  shock  waves  that  are 
too  small  to  cause  closure  of  the  self¬ 
shorting  pins.  As  shown  in  Fig.  5.4,  both 
types  of  pins  were  attached  to  the  exte¬ 
rior  wall  of  the  cylinders. 

The  variation  in  the  densities  of  the 
explosive  as  shown  in  Table  5.3  are  con¬ 
sidered  Significant.  The  KDO-2  and 
KDO-3  shot  configurations  were  identical. 
The  effect  of  the  difference  in  density  is 
demonstrated  in  the  differences  in  meas¬ 
ured  detonation  wave  velocity  and  in  the 
wall  expansion  velocities  taken  from  the 
streak  camera  photographs.  Detonation 
velocity  data  were  not  obtained  on  the 
KDO-4  and  KDO-5  shots  because  neither 
type  of  pin  produced  data.  The  cause  is 
believed  to  be  a  lack  of  sufficient  detona¬ 
tion  wave  pressure  to  cause  gap  closure 
on  the  self-shorting  pins  or  depolariza¬ 
tion  of  the  PZ  pins.  The  KDO-6  and 
KDO-7  sphere  shot  configurations  were 
identical.  The  effects  of  the  differences 
in  density  are  again  evident  in  the  differ¬ 
ences  in  wall  expansion  velocities.  The 
two  detonation  velocities  given  for  each 
sphere  shot  are  the  velocities  measured 


'I'll*'" 


Fig.  5.5.  Explosives  expansion  in  EOS 
cylinder  test  containers. 


by  the  rate  sticks  shown  in  Fig.  5.3,  Ail 
wall  velocities  given  in  Table  5.3  are  to 
be  considered  suspect  because  the  voids 


in  the  explosive  caused  hot  spots  in  the 
detonation  that  in  turn  caused  jetting 
througli  the  coniainer  walls.  Thir  jetting 
destroyed  the  smooth  continuous  wall 
expansion  that  would  have  given  very 
accurate  data.  This  jetting  is  also  the 
reason  for  the  loss  of  the  wall  expansion 
velocity  data  on  the  KDO-6  and  KDO-7 
sphere  shots. 

Based  on  these  data,  the  tentative  EOS 
parameters  shown  in  Table  5.4  for  the 
Diamond  Ore  explosive  were  calculated 
and  provided  to  K  Division,  LLL,  and 
Systems,  Science,  and  Software,  Inc.,  for 
use  in  postshot  calculations  for  the 
Phase  IIA  detonations.  These  parame¬ 
ters  have  a  low  degree  of  validity  as 
explained  above.  The  parameters  listed 
in  Table  5.4  are  used  in  the  Jones- 
Wilkins-Lee  (JWL)  equation  as  follows11: 

-R  V 

PiVjE)  =  A(1  -  ui/RjVle  1 
-R,V 

+  B(1  -  u>/R.,V)e  12  +  ujE/V, 

The  two  sets  of  coefficients  are  required 
to  describe  the  two-phase  detonation  dis¬ 
played  by  this  type  of  explosive.  The 
initial  reaction  coefficients  are  used  to 
calculate  the  pressure  that,  in  this  case, 
is  released  during  the  initial  fast  reaction 
and  accounts  for  about  20.8%  (0.02  Mbar 
cm3/cm3)  of  the  total  energy  (0.096  Mbar 
cm  /cm  )  released.  In  a  standard  high 
explosive  all  of  the  energy  would  be  re¬ 
leased  in  this  (a  single)  phase.  The  re¬ 
maining  79.2%  of  the  energy  (0.076  Mbar 
cm  /cm  )  for  the  Diamond  Ore  explosive 
is  released  over  a  50-psec  period.  The 
second-phase  time-dependent  release  of 
energy  is  linear.  This  type  of  phased 
reaction  is  shown  schematically  in 
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Table  5.3.  Initial  EOS  testing  results.' 


A.  Cylinder  Shots 


Cylinder  dimensions 


Event 


D:r:;r 

(g/cmJ)  (mm/jusec) 


a 

velocity 

(mm/psec) 
R-  R-  =  I9a 


‘e 

1.595 

4.931 

h 

d 

1.403 

1.92 

(0.Q5-3.3) 

*e 

1.315 

— 

1.452 

— 

Event 


KDO-6 

KDO-7 


Sphere 
dimensions 
(cm)  (InT! 


B.  Sphere  shots 


Density 
HE  (g/cm3) 


Detonation 

velocity 

(mm/^sec) 


velocity 
(mm//usec) 
R  -  R0  =  20a 


Table  5.4.  Tentative  EOS  parameters 
for  Diamond  Ore  slurry 
explosives. 9 


Initial  Reaction: 

JWI.  coefficient*' 

C j -state 

A  =  1.622  8-1 

P0-  1.59  g/cm3 

B  *  0.002  554  85 

O  =  0.41  cm/fisec 

Rj  =  4.4 

R0  =  1.2 

Pcj  -  0.065  Mbar 

T  =  3.11 

2 

ai  -  0.32 

Eq  =  0.020  Mbar  cm3/em3 

Completely  burned 

HE9: 

JWL  coefficient 

Idealized  CJ-state 

A  =  4.632  4!! 

=  1.626  g/cm3 

B  =  0.012  907 

11  =  0.763  cm/(jsec 

Rj  =  4.25 

R,  =  1.0 

P  =  0.250  Mbar 

n 

r  =  2.78 

uj  =  0.40 

Eq  =  0.096  Mbar  cm3/cm3 

aJones-WUkins-Lee  equation. 


bMbar  cm3/cm3  =  megabar  cubic  centimeters 
per  cubic  centimer  of  explosive. 


Fig.  5.6  in  comparison  with  a  hypotheti¬ 
cal  standard  single  phase  explosive. 


Following  this  first  attempt  at  formu¬ 
lating  an  EOS  for  the  Diamond  Ore  explo¬ 
sive  and  the  identification  of  the  problems 
involved,  a  program  of  step-by-step 
testing  was  carried  out  in  an  attempt  to 
stabilize  the  detonation  properties  by 
making  changes  in  the  composition  and 
manufacturing  processes.  The  solution 
of  the  problems  and  the  production  of  a 
more  accurate  and  usable  EOS  were  nec¬ 
essary  for  preshot  design  calculations  for 
the  Diamond  Ore  Phase  IIB  experiments 
planned  for  October  1972. 

COMPOSITION  CHANGES 
AND  VELOCITY  TESTING 

As  previously  stated  the  gross  changes 
in  the  densities  and  the  development  of 
voids  in  the  initial  EOS  testing  were  be¬ 
lieved  to  be  caused  by  gasification  of  the 
liquid  ammonia  added  to  accelerate  gel 
formation  in  the  slurry.  Without  this 
ammonia,  the  explosive  will  solidify  but 


-38- 


Fig.  5.6.  Energy  release  model  for  Diamond  Ore  and  theoretical  standard  explosive. 


at  a  much  slower  rate.  Based  on  obser¬ 
vations  of  the  consistency  of  the  explosive, 
prior  to  the  addition  of  the  ammonia,  it 
was  believed  that  the  explosive  without 
the  ammonia  was  sufficiently  viscous  to 
hold  the  10%  sand  in  suspension.  The 
manufacturer  was  asked  to  deliver 
amounts  of  both  the  pure  and  sand- 
contaminated  explosive  without  the  ammo¬ 
nia  for  further  testing.  These  explosives 
were  designated  "DIAMOND  ORE  lIA-l" 
(pure)  and  "DIAMOND  ORE  IlB-l"  (sand). 
Four  detonation  velocity  experiments 
were  conducted  with  each  type  of  explo¬ 
sive.  These  experiments  were  conducted 
with  Polymethylmethacrylate  (PMMA) 


cylinders  as  shown  in  Fig.  5.7.  The  den¬ 
sities  and  detonation  velocities  obtained 
by  these  experiments  are  shown  in 
Table  5.5.  The  absence  of  the  gross  var¬ 
iations  in  the  densities  measured  for  each 
detonation  is  reflected  in  the  consistency 
of  the  detonation  velocities.  The  effect  of 
the  10%  sand  dilutant  on  the  detonation 
velocity  is  also  evident.  This  degree  of 
reproducibility  was  very  encouraging  and 
considered  sufficient  for  the  determina¬ 
tion  of  EOS  parameters. 

Before  the  remaining  two  EOS  detona¬ 
tions  were  conducted,  a  second  series 
of  velocity  tests  was  conducted  to  in¬ 
sure  reproducibility  between  separately 
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manufactured  batches  of  the  same  explosive. 
These  tests  was  conducted  with  the  same 
charge  configurations  as  the  previous 
series.  Four  tests  were  conducted  with 
the  pure  explosive,  designated  "DOIlA-2" 
and  the  sand-contaminated  explosive, 

15.2  cm 


Fig.  5.7.  Typical  configuration  for  deto¬ 
nation  velocity  test. 


designated  "DOIIB-2."  The  results  of  the 
series  are  shown  in  Table  5.6.  Although 
the  densities  for  both  the  pure  and  sand- 
contaminated  explosives  were  very  close 
to  those  found  in  the  first  series,  the  det¬ 
onation  velocities  were  consistently  lower. 
The  fact  that  the  detonation  velocities 
were  consistently  lower  for  both  the  pure 
and  contaminated  explosive  led  to  a 
detailed  examination  of  the  possible  dif¬ 
ferences  in  the  two  test  conditions.  The 
only  difference  found  in  the  two  series 
was  the  ambient  temperature  at  the  times 
of  detonation.  The  first  series  was 
loaded,  stored,  and  detonated  at  an  ambi¬ 
ent  temperature  range  of  21  to  24 °C  (70 
to  75°F).  The  second  series  was  loaded 
and  stored  in  this  same  temperature 
range  but  was  detonated  at  an  ambient 
temperature  of  about  38rC  (100°F). 
Chemical  analysis  of  the  four  explosives 
indicated  no  significant  change  in  the 
composition  between  the  two  pure  and  two 
contaminated  explosives.  The  detonation 
of  the  remaining  two  EOS  tests  was  again 
delayed  pending  resolution  of  this  apparent 
temperature  effect.  To  evaluate  the  tem¬ 
perature  effect,  samples  of  both  of  the 
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Table  5.5.  Detonation  velocity  tests  (I). 


livent 

Explosive 

Density 
(g/  cm^l 

Average 
detonation 
velocities 
(mm  /*jsec) 

KDO-17 

DOHA- 1 

1.523 

4.23 

KbO- 18 

DOHA-1 

1.517 

4.21 

KDO-19 

DOIl  A- 1 

1.521 

4.18 

KUO -20 

DOHA-  1 

1.521 

4.23 

K 1 X)  -  2  1 

Donn-i 

1.585 

3.80 

KDO-22 

DOHB-1 

1.585 

3.87 

K  1)0-23 

DOllB-1 

1.585 

3.82 

KDO-24 

DOllB- 1 

1.593 

3.99 

g 

Table  5.6.  Detonation  velocity  tests  (II). 


Event 

Explosive 

Density 

Ifcm’) 

Average 

detonation 

velocities 

(mm/gsec) 

KDC-25 

DOIlA-2 

1.532 

3.H 

KDO-26 

DOMA-2 

1.532 

3.80 

KDO-27 

DOIlA-2 

1.525 

3.92 

KDO-28 

DOIlA-2 

1.522 

3.74 

KDO-29 

DOIIB-2 

1,802 

3.53 

KDO-30 

DOilB-2 

1 . 594 

3.42 

KDO-31 

IXJlIB-2 

1 . 5i'G 

3.52 

KDO-32 

DOIIB-2 

1.598 

3,61 
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Table  5.7.  Detonation  velocity  tests  (III). 
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Event 

Explosive 

Density 

(g/cm’l 

Average 

detonation 

velocities 

(mm/nsec) 

KDO-33 

DOiIA-1 

1.555 

4.04 

KDO-34 

DOHA- 1 

1.555 

3.94 

KDO-35 

DC11A-2 

1.522 

3.73 

KDO-36 

DOtIA-2 

1.526 

3.78 

KDO-37 

DOIIB-1 

1.618 

3.79 

KDO-38 

DOllB-1 

1.552 

3.82 

KDO-39 

DOIIB-2 

1.592 

3.55 

KDO-40 

DOIIB-2 

1.592 

3.39 

^  -firs'.  iwo  batches  were  heated  to 

( J  Of1  '')  for  a  period  of  4  hr  and  then 
alloweu  to  cool.  Density  changes  were 
measured  during  this  heating  cycle  and 
the  minor  changes  observed  were 
attributed  to  the  increased  evaporization 
caused  by  the  temperature  effect  on  the 
water  in  the  explosive.  Detonation  veloc¬ 
ity  tests  were  then  conducted  with  two 
samples  from  each  batch  of  pure  and  con 
laminated  explosive  with  the  same  cylin¬ 
der  configuration  as  the  precious  two 
series  (Fig.  5.7).  The  results  of  this 
testing  are  shown  in  Table  5.7.  The  tem¬ 
perature  effect  is  evident  in  that  the  deto¬ 
nation  velocities  were  again  slower  than 
those  in  Table  5.5,  while  the  densities 
remained  very  close  to  their  pretemper¬ 
ature  cycling  levels.  This  series  of  det¬ 
onations  was  conducted  with  an  ambient 
temperature  in  the  24  to  27°C  (75  to  80°F) 
range.  Because  the  explosive  had  been 
allowed  *>  cool  to  these  ambient  tempera¬ 
tures  prior  to  detonation  and  the  velocities 
continued  to  be  lower,  the  temperature 
effect  was  assumed  to  be  nonreversible. 

Discussions  were  held  with  Dow  Chem¬ 
ical  Company  to  determine  the  probable 


cause  for  this  effect.  l>ow  indicated  that 
the  particle  size  distrM  "tion  of  the  ammo¬ 
nium  nitrate  in  the  ex|  .  give  is  critical  to 
the  sensitivity  of  the  exilosive.  This  is 
especially  true  in  the  finer  particle  size 
ranges.  Raising  the  temperature  of  the 
explosive  causes  the  finer  particles  to  go 
into  solution  with  the  water  in  the  explo¬ 
sive.  When  the  explosive  cools,  the  re¬ 
sulting  super-saturated  condition  causes 
the  ammonium  nitrate  to  precipitate. 
Although  this  process  is  essentially  re¬ 
versible,  the  precipitant  contains  ammo¬ 
nium  nitrate  crystals  or  particle  sizes 
significantly  larger  than  those  that  were 
added  during  manufacturing.  The  loss  of 
the  fine-size  particles  will  result  in  a 
desensitizing  of  the  explosive  that  could 
result  in  i  reduction  in  the  detonation 

1  i 

velocity.  "  Additional  discussions  were 
held  w>th  Dow  and  the  ChemiBtry  Depart¬ 
ment,  LLL,  where  minor  changes  in  the 
explosive  composition  were  made.  The 
finer-size  ammonium  nitrate  particles 
were  to  be  replaced  by  fine-size  alumi¬ 
num  parti cleB  in  an  attempt  to  reduce  or 
to  eliminate  the  temperature  cycling 
effect  while  maintaining  the  sensitivity  of 
the  explosive.  The  explosive  was  to  be 
temperature-cycled  to  49°C  (120°F)  dur¬ 
ing  manufacturing.  These  explosives 
were  designated  "DOIlIA-l"  (pure)  and 
"DOIIIB-l"  (contaminated). 

Sixteen  detonation  velocity  tests  were 
made  from  two  separately  manufactured 
batches  of  this  explosive.  The  second 
batch  was  designated  "DOinA-2"  (pure) 
and  "DOIIlB-2"  (contaminated).  Two 
samples  of  each  explosive  from  each 
batch  were  again  temperature-cycled  to 
38°C  (lOtTF)  prior  to  the  conduct  of  the 
detonation  velocity  tests.  These  tests  had 
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the  same  configurations  as  the  previous 
tests  (Fig.  5.7).  Table  5.8  lists  the  results. 
In  comparison  with  the  0OIIA  and  DOIIB 
compositions,  the  DOIHA  and  DOIIIB 
compositions  show  a  distinct  re<  '  r  tion  in 
density  and  detonation  velocity.  The  re¬ 
duction  in  density  can  be  attributed  to  the 
reduction  in  ammonium  nitrate  and  the 
addition  of  aluminum  particles.  The  re¬ 
duction  in  detonation  velocities  ic  attrib¬ 
uted  to  the  desensitizing  of  explosives 
through  the  removal  of  the  fine  ammo¬ 
nium  nitrate  particles  that  was  apparently 
not  compensated  for  by  the  addition  of  the 
Tine  aluminum  particles.  In  comparing 
densities  and  velocities  between  batches 
of  the  same  type  of  DO'.lI  explosives,  the 
temperature  effect  on  the  detonation 
velocities  is  still  evident  although  not  as 
pronounced.  It  is  apparent  that  the  sin¬ 
gle  temperature  cycling  during  manufac¬ 
turing  was  not  sufficient  to  eliminate 
completely  the  effects  brought  on  by  the 
dissolving  and  recrystalization  of  the 
ammonium  nitrate  particles.  It  should 
be  noted,  however,  that  detonation  veloc¬ 
ities  between  different  batches  of  the 
same  explosive  with  the  same  tempera¬ 
ture  cycling  history  are  good.  It  was 
therefore  decided  that  if  the  explosive 
were  temperature-cycled  to  extremes 
beyond  that  expected  in  normal  usage,  the 
reproducibility  should  be  good  although 
some  loss  in  detonation  velocity  from 
that  experienced  in  the  original  compo¬ 
sition  could  be  expected. 

FINAL  EOS  TESTING 

Discussions  were  again  held  with  Dow 
Chemical  Company,  and  a  composition 
"DOiVB"  (sand)  was  estaMisheo.  Be¬ 


cause  the  use  of  the  explosive  in  model¬ 
ing  detonations  and  the  use  of  the  EOS  in 
design  calculations  would  include  only  the 
sand-contaminated  explosive,  the  testing 
of  a  pure  explosive  was  discontinued. 

’though  there  was  concern  about  the 
effects  of  the  sand  contamination,  these 
were  not,  substantiated  and  generally 
speaking,  the  sand  contamination  had  an 
apparent  stabilizing  effect  on  the  explo¬ 
sive.  The  only  changes  made  to  obtain 
the  composition  DOIVB  explosive  were 
the  temperature  cycling  to  77°C  (170°F) 
during  manufacturing  and  the  reduction  in 
the  amount  of  gelling  agent  by  0.5%.  This 
reduction  was  made  to  decrease  the  vis¬ 
cosity  of  the  explosive  and  to  reduce  the 
chances  of  air  entrapment  during  loading 


9 

Table  5.8.  Detonation  velocity  tests  (IV). 


Eventa 

Explosive 

Density 

(g/cm-’I 

Average 

detonation 

velocities 

(mm//jsec) 

KDO-4  5b 

DOIIIA-I 

1.523 

3.67 

KDO-46b 

DOIIIA- 1 

1.522 

3.67 

KDO-47 

DOIIIA-I 

1.527 

3.83 

KUO-48 

1*0111  A  - 1 

1.521 

3.68 

KDO-49b 

DOUIA-2 

1.532 

3.56 

KlX)-50b 

DOIIIA-  2 

1.525 

3.74 

KDO-51 

DOIHA-  2 

1.537 

3.83 

KDO-52 

DOIIIA -2 

1.537 

3.84 

KDO-53b 

DOIIIB- 1 

1.580 

3.49 

KDO-54b 

DOIIIB- 1 

1.577 

3.43 

KDO-55 

DOIIIB- 1 

1.586 

3.53 

KDO-56 

DOIIIB- 1 

1.587 

3.60 

KDO-57b 

DOIIIB -2 

1.593 

3.^9 

K  DO  -  5  8b 

DOIIIB  -  2 

1.592 

3.26 

KDO-59 

DOIIIB  -  2 

1.594 

3.35 

KDO-60 

DOIIIB  -  2 

1.592 

3.35 

aKDO-4l  through  KDO-44  were  nonrelated 
HE  tests  in  support  of  other  EERL  programs. 

^Temperature-cycled  at  Site  300  in  addition 
to  cycling  of  all  explosives  in  manufacturing. 
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Table  5.9.  Final  EOS  testing  results.^ 


Event 


KDO-8 

KDO-9fc 


Explosive 


DOIVB 

DOIVB 


Density 

(g/cm*) 


Detonation 

velocity 

(mm/nsec) 


^Booster  =  5.08-cm  (2-in.)  sphere  of  9404  (125  g). 
3Booster  =  10.2-cm  (4-in.)  sphere  of  9404  (1360  g). 


Wall 

velocity, 

R  -  r  =  25  mm 
(mm/psec) 


of  the  final  two  EOS  containers.  The 
KDO-8  and  KDO-9  detonations,  as  shown 
in  Table  5.2,  were  the  only  EOS  detona¬ 
tions  yet  to  be  conducted.  Each  container 
was  carefully  loaded  with  the  DOIVB  com¬ 
position  explosive  and  detonated.  The 
results  are  listed  in  Table  5.9.  The 
larger  size  booster  was  used  in  the 
KDO-9  detonation  after  the  KDO-8  deto¬ 
nation  velocity  indicated  a  possible  under 
boosting.  The  sphere  wall  velocities 
were  extremely  slow.  The  increase  in 
density  of  the  DOIVB  explosive  over  the 
previous  compositions  is  attributed  to 
the  reduction  in  entrapped  air.  Although  the 
resulting  data  were  considered  of  marginal 
use  for  EOS  work  and  only  the  KDO-9  detona¬ 
tion  data  were  used,  JWL  coefficients  were 
calculated  and  are  shown  in  Table  5.10. 

Actions  taken  to  stabilize  the  detona¬ 
tion  history  of  the  explosive  have  resulted 
in  a  significant  reduction  in  the  explosive 
energy  and  sensitivity.  Therefore,  test¬ 
ing  was  stopped. 

CONCLUSIONS 

The  lack  of  consistent  results  during 
the  testing  of  Diamond  Ore  slurry  explo¬ 
sive  resulted  in  a  decision  to  abandon  the 
explosive  for  further  EOS  type  testing. 
Problems  had  been  anticipated  in  describ¬ 


ing  this  type  of  explosive  in  sufficient 
detail  and  accuracy  for  use  in  computa¬ 
tional  work.  The  complex  composition 
and  the  effects  of  variations  in  these  com¬ 
positions  had  not  previously  been  thor¬ 
oughly  investigated.  Problems  in  repro¬ 
ducibility  were  found  and  their  solutions 
sought.  Considerable  assistance  was 
provided  by  the  manufacturer,  Dow  Chem¬ 
ical  Company,  in  understanding  and  re¬ 
solving  some  of  the  problems  encountered. 
The  exhaustive  test  series  was  concluded 
after  making  significant  gains  in  increas¬ 
ing  the  reproducibility  of  the  explosive  yet 
without  fully  understanding  the  complex 
causeB  of  these  problems.  The  need  to 
select,  test,  and  determine  a  usable  EOS 


Table  5.10.  EOS  parameters  for  final 

Diamond  Ore  slurry  explosives  9 


Initial  reaction: 

A  = 

14  26.63 

p0 

*  1. 

626 

3 

g/rm 

B  = 

-0.015  (.01  0 

I) 

=  0. 

33  5 

cm /nwc 

•V 

13.0 

P 

*  0. 

020 

Mbar 

H2  = 

2.0 

7 

=  0. 

124 

U1  = 

0.3 

Ko 

=  0. 

026 

Mbar  rrrT/cm'* 

Completely  burned  HlC 

,a. 

A  v 

4.632  5 

p0 

=  1. 

,626 

„ '  3 

6  cm 

B  = 

0.012  92 

I) 

=  0. 

,763 

cm/psec 

«1- 

4.25 

p 

=  0, 

.250 

Mbar 

•V 

u:  - 

1.0 

0.40 

T 

,:o 

-  2, 

•-  0, 

,706 

,096 

...  3  3 
Mbar  cm  cm 

aSerond  phase  energy  release  is  over  a  period 
of  670  psec. 
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for  an  explosive  for  use  in  the  ongoing 
Diamond  Ore  program  dictated  a  change 
in  explosives.  The  results  of  this  test 
series  should  in  no  way  be  construed  as  a 
reflection  on  the  type  of  economical  app’i- 
cation  of  the  explosive  to  use  in  the  con- 
struction  and  mining  industry.  Even  with 
the  apparent  microscopic  differences  in 


detonation  properties,  the  macroscopic 
results  discussed  in  Chapter  6  were  close 
to  those  expected.  The  Diamond  Ore  ex¬ 
plosive  was  formulated  to  meet  the  ex¬ 
tremely  strict  specifications  contained  in 
Appendix  A  and  cannot  be  considered  in¬ 
dicative  of  formulations  applied  to  com¬ 
mercial  construction  explosives. 


Chapter  6 

Gelled  Nitromethanc  Explosive  Experiments 


GENERAL 

The  use  of  nitromethane  as  an  explo¬ 
sive  in  the  Diamond  Ore  program  was 
considered  in  the  initial  planning.  It  was 
particularly  attractive  to  the  calculational 
program  because  it  has  a  well-defined 
EOS  and  excellent  reproducibility. 
Nitromethane  was  the  primary  explosive 
used  in  the  Pre-Gondola  experiments  con¬ 
ducted  at  Fort  Peck,  Montana,  and  data 
from  these  tests  were  to  provide  the  basis 
for  the  initial  calculational  program  in 
Project  Diamond  Ore.  The  reproducibil¬ 
ity  of  the  detonation  characteristics  of 
nitromethane  {chemical  compound 
CH3N02)  is  excellent.  Previous  testing 
of  nitromethane  by  the  Chemistry  Depart¬ 
ment,  LLL,  had  shown  that  reproducible 
detonations  were  obtained  even  with  the 
addition  of  up  to  40%  by  weight  of  inert 
materials.  There  was  a  corresponding 
reduction  in  energy  and  detonation  veloc¬ 
ity  but  these  reductions  were  constant  for 

g 

a  given  percent  of  dilution.  It  was  there¬ 
fore  believed  that  the  addition  of  10%  sand 
held  uniformly  in  suspension  by  a  small 
percentage  of  a  gelling  agent  would  result 
in  reproducible  detonation  parameters. 


Total  inerts  would  then  constitute  15  to 
207o  and  would  be  well  within  the  40%  limit 
of  the  previous  testing.  The  primary  dis¬ 
advantages  to  the  use  of  pure  nitrometh¬ 
ane,  a  liquid  manufactured  primarily  for 
U9e  as  a  lacquer  solvent,  in  the  Diamond 
Ore  program  were  the  problems  encoun¬ 
tered  in  containing  it  in  a  subsurface  cav¬ 
ity  and  its  inability  to  maintain  the  fallout 
simulation  particles  in  suspension.  Con¬ 
taining  nitromethane  in  liquid  form  re¬ 
quires  lining  the  charge  cavity  with  a 
material  impervious  to  the  solvent. 
Methods  of  gelling  nitromethane  had  been 
unsuccessfully  sought  during  the  Pre- 
Gondola  testing.  In  these  tests,  gelling 
was  desirable  to  reduce  the  seepage  from 
mined  charge  cavities. 

GELLED  SYSTEM  SELECTION 

During  the  latter  phases  of  the  testing 
of  the  Diamond  Ore  aluminized  ammo¬ 
nium  nitrate  slurry  explosive,  a  search 
was  initiated  to  find  a  backup  explosive. 
Discussions  were  held  with  Commercial 
Solvents  Corporation,  the  sole  producers 
of  nitromethane  in  the  United  States, 
relative  to  systems  and  methods  of  gelling 
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or  thickening  nitromethane.  Nitro¬ 
cellulose  has  been  used,  but  it  is 
a  high  explosive  in  itself  and  when 

mixed  with  nitromethane  readily  forms 

o 

lumps  that  are  difficult  to  disperse. 

This  system  is  not  considered  practical 
or  safe  in  terms  of  the  quantities  of 
conditions  required  for  the  Diamond 
Ore  program.  Polyoxyethylene  can 
be  used  to  thicken  nitromethane  but 
a  rigid  gell  is  formed  which  will  be¬ 
gin  to  liquefy  after  about  a  week  of 

13 

storage  at  room  temperature.  This 
gell  can  be  further  stabilized  but  the 
rigid  gell  produced  is  not  considered 
compatible  with  the  need  to  mix, 
then  pump,  or  pour  the  gelled  nitro¬ 
methane  into  a  sub- surface  cavity. 

Both  of  these  systems,  the  nitrocellu¬ 
lose  and  the  polyoxyethylene,  lack 
amine  resistance  and  the  gell  will 

break  down  in  the  presence  of  strong 
13 

amines.  Most  starches,  natural  gums, 
and  synthetic  polymers  used  in  water  gell¬ 
ing  systems  are  ineffective  with  nitro- 
13 

methane.  General  Mills,  Inc.  has  been 
doing  development  work  with  a  modified 
guar  gum  (a  cyanoethylether  derivative  of 
a  galacto -manna n  gum)  specifically  di¬ 
rected  at  thickening  or  gelling  nitrometh¬ 
ane.  This  gelling  agent  is  identified  as 
XG512  by  General  Mills.  It  is  a  free- 
flowing  white  powder  that  must  be  quickly 
dispersed  throughout  the  nitromethane  to 
prevent  the  formation  of  lumps  that  are 
difficult  to  disperse. 

Samples  of  the  XG512  were  obtained 
and  laboratory  testing  was  conducted. 
Various  percentages  of  the  XG512  were 
mixed  with  the  traced  sand  and  nitrometh¬ 
ane.  These  samples  were  observed  over 
a  period  of  a  few  weeks,  ino  liquefaction 


was  observed  although  perceptible  sand- 
settlement  was  noted  at  the  end  of  the 
second  week.  The  gell  that  was  formed 
with  a  mixture  of  10%  sand,  3%  XG512, 
and  87%  nitromethane  was  selected  for 
further  testing.  This  gell  set  up  in  about 
90  sec  and  had  the  consistency  of  "thick 
syrup,"  allowing  it  to  be  pumped. 

SAFETY  AND  FIELD 
SYSTEM  TESTING 

Industrial  grade  nitromethane  is  rela¬ 
tively  insensitive  to  shock  as  compared 
with  conventional  industrial  or  military 
explosives.  It  cannot  be  detonated  by  a 
No.  8  blasting  cap  alone.  Nitromethane 
may  be  detonated,  however,  if  a  standard 

explosive  booster  of  sufficient  size  is 
14 

used.  There  are  many  ways  in  which 
pure  nitromethane  may  be  sensitized  to 
make  it  cap-sensitive.  These  methods 
are  discussed  in  Ref.  14.  The  eaBe  with 
which  nitromethane  can  be  sensitized  is 
of  importance  to  the  use  of  a  gelled  nitro¬ 
methane  in  the  Diamond  Ore  program  — 
not  because  of  a  need  to  sensitize  but 
because  of  the  need  to  insure  that  the 
gelling  process  did  not  sensitize  the 
nitromethane.  The  mixing  and  pumping 
operations  required  to  produce  the  gelled 
nitromethane  were  therefore  carefully 
tested  prior  to  use  in  field  operations. 
Standard  drop  hammer  tests  were  con¬ 
ducted  on  the  3/10/87%  mixture  with 
negative  results.  Differential  thermal 
analysis  was  conducted  at  atmospheric 
pressure  with  no  troublesome  exothermic 
reactions  found.  Further  examination 
indicated  that  there  wae  no  chemical  reac¬ 
tion  between  the  XG512  and  the  nitrometh¬ 
ane.  The  effect  of  the  XG512  can  be 
likened  to  that  of  a  sponge  where  the 
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nitromethane  is  absorbed  and  held  in  a 
thickened  condition.  The  tracer  particles 
are  inert  and  do  not  enter  into  any  chemi¬ 
cal  reaction  with  either  the  XG512  or  the 
nitromethane. 

Nitromethane  is  sensitive  to  detonation 
from  the  heat  of  the  compression  of  gases. 
This  problem  has  been  alleviated  by 
shipping  nitromethane  in  208- liter 
(55-gal)  drums  that  are  designed  to  vent 
if  the  internal  pressure  of  the  drum 
exceeds  about  7  bars  (lOu  psi).  This 
sensitivity  is  of  special  importance  when 
nitromethane  is  to  be  pumped.  The 
conditions  required  for  accidental  detona¬ 
tion  from  this  phenomenon  may  be  pro¬ 
duced  within  the  pump  itself  or  in  the 
outlet  lines  if  the  flow  is  abruptly  inter¬ 
rupted.  In  previous  experiments  where 
nitromethane  was  used,  the  explosive 
cavity  was  filled  using  gravity  flow  from 
208-liter  (55-gal)  drums.  The  use  of 
gelled  nitromethane  requires  pumping 
because  of  its  comparatively  high  viscosity. 

To  accomplish  field  gelling  and  pump¬ 
ing  of  the  nitromethane,  a  search  was 
made  of  the  literature  to  locate  commer¬ 
cially  available  mixing  and  pumping  units 
that  might  be  used.  A  compressed-air- 
driven  mixer  was  chosen.  This  mixer  is 
the  Lighting  Model  NAG  100  manufactured 
by  Mixing  Equipment  Company,  Rochester, 
New  York.  Figure  6.1  is  a  picture  of  the 
unit,  which  consists  of  a  compressed-air- 
driven  motor,  a  0.91 -m  (3-ft)  shaft,  and 
a  19.8-cm  (7.8-in.)  diameter,  3-blade 
propeller.  The  unit  clamps  to  the  rim  of 
a  208-liter  (55-gal)  drum.  Testing  showed 
that  this  unit  produced  the  deep  vortex 
required  for  rapid  and  thorough  mixing  of 
the  sand  and  XG512  in  the  nitromethane. 

The  pumping  unit  selected  was  also 


Fig.  6.1.  Nitromethane  mixing  unit. 


Fig.  6.2.  Unit  used  to  pump  nitromethane 
in  Diamond  Ore  testing. 

compressed-air-driven.  This  pump  and 
ram  nr't  is  manufactured  by  Graco,  Inc., 
Minne~polis,  Minnesota,  and  is  commonly 
used  to  pump  heavy  automotive  greases. 
The  pump  is  composed  of  three  separate 
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units  as  shown  in  Fig-  6.2.  The  ram 
piston  fits  snugly  inside  a  208-liter  (55- 
gal)  drum  and  maintains  a  pressure  of 
about  0.1  bars  (1  psi)  on  the  gelled  nitro- 
methane.  The  double  action  piston  pump 
is  mounted  to  the  ram  assembly.  The  air 
control  unit  is  used  to  regulate  the  pres¬ 
sure  into  both  the  ram  and  the  pump. 

The  pump  produces  a  5  to  1  pressure 
ratio;  i.  e.,  for  every  increment  of  air 
pressu*  c  input  to  the  pump  five  times  that 
pressure  is  applied  by  the  piston.  A  181- kg 
(400- lb)  batch  of  gelled  nitromethane  was 
successfully  mixed  at  LLL's  Site  300  and 
used  to  test  the  effectiveness  and  safety  of 
this  pumping  unit.  *  The  181 -kg  (400-  lb) 
test  batch  was  passed  through  the  pump  five 
times.  Pumping  pressures  were  variedup 
tolO  bars  (150- psi/without  mishapor ap¬ 
parent  problems.  For  safety  purposes  these 
tests  were  conducted  under  remote  control. 

EOS  TESTING 

After  the  gelling  and  pumping  safety 
considerations  had  been  satisfied,  an 
EOS  test  was  performed  on  the  5/10  /87% 
gelled  nitromethane.  A  5. 1 -cm  (2- in.) 
diameter  (ID),  30.48-cm  (12-in.)  length 
copper  cylinder  with  a  0.51-cm  (0.2-in.) 
wall  thickness  was  filled  with  the  gelled 
nitromethane  and  detonated  with  a  plane 
wave  generator  (PO40)  and  a  10.2-  by 
10.2-  by  0.13-cm  (4-  by  4-  by  1/2-in.) 
Comp  B  booster.  Streak  photography  pro¬ 
duced  excellent  results.  From  the  test 
data,  the  energy  was  calculated  at  91.4% 


Examination  and  disassembly  of  the 
pump  by  the  Chemistry  Department,  LLL, 
have  resulted  in  certain  modifications  for 
safety  purposes.  The  use  of  the  unit  in 
its  delivered  form  for  pumping  explosives 
is  not  recommended. 


(4,406  J/g)  of  pure  nitromethane  (4,729 
J/g)  at  a  scaled  wall  expansion  of  19  mm. 
The  detonation  velocity  recorded  from 
PZ  pins  attached  to  the  cylinder  wall  was 
6.11  mm/psec.  This  velocity  compares 
very  favorably  with  the  6,37  mm/psec  for 
pure  nitromethane.  Table  6.1  lists  the 
CJ  parameters  and  JWL  coefficients  calcu¬ 
lated  for  use  in  EOS  calculations  by  LLL 
and  Systems,  Science,  and  Software,  Inc. 
These  parameters  are  used  in  the  standard 
JWL  EOS  equation  stated  in  Chapter  5.  As 
indicated  by  the  single  set  of  parameters, 
this  gelled  nitromethane  detonates  in  a 
single  phase  in  which  the  energy  is  re¬ 
leased  instantaneously  as  in  conventional 
explosives.  This  explosive,  therefore, 
does  not  produce  the  yield  or  size  effects 
found  in  the  aluminized  ammonium  nitrate 
water-gelled  slurry  originally  studied. 

ONE-TON  EXPERIMENT 

Previous  testing  with  the  gelled  nitro¬ 
methane  explosive  system  was  directed 
at  determining  the  feasibility  and  safety 
of  the  gelling  and  pumping  operation. 
Laboratory  tests  had  also  been  performed 
to  determine  the  EOS  and  the  compatibil¬ 
ity  of  the  iridium-coated  sand  with  the 

Table  6.1.  Gelled  nitromethane  EOS 
parameters.  9 


JWLa  coefficients 

A  *  2,111 
B  «  0.047  54 
C  =  0.007  95 
Rj  =4.3 
R2  =  1.3 
-  0.34 


CJ  parameters 

P  =  0.125  Mbar 
a 

p  =1.21  g/iiiC 

a 

D  =6.11  cm  \u sec 

'<  <b 

Ejj  =  0.04  5  Mba-  cm  ,cmJ 
T  =  2.614 


3 Jones- Wilkins- Lee  equation. 

^Mbar  cm^cm'1  =  megabar  cubic  centimeters 
per  cubic  centimeter  of  explosive. 
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gelled  explosive.  No  tests  could  be  per¬ 
formed  to  determine  that  the  higher 
detonation  velocity  and  pressure  of  the 
nltromethane  detonation  would  not  influ¬ 
ence  the  fallout  simulant.  In  previous 
907 -kg  (1-ton)  events,  the  fallout 
simulation  was  successfully  tested  with 
an  aluminized  ammonium  nitrate  slurry 
explosive,  but  the  transient  history  of 
the  fallout  simulant  is  beyond  current 
analysis  and  testing  was  required. 

In  order  to  verify  the  EOS  param  eters 
and  the  fallout  simulation  technique,  a 
907 -kg  (1-ton)  gelled  nitromethar.e  ex¬ 
periment  was  conducted  on  27  October  197  2 
in  conjunction  with  the  Diamond  Ore  Phase 
IIB  experiments  at  Fort  Peck,  Montana. 

A  separate  report  will  be  published  on  the 
Phase  IIB  experiments.  The  gelled  nitro- 
methane  907 -kg  (1-ton)  detonation  was 
designated  DOIIB  IT-6.  As  shown  in  Fig. 
6.3,  this  detonation  was  conducted  at  a  DOB 
of  approximately  5.5  m  (18  ft).  The  em¬ 
placement  hole  was  partially  stemmed 
leaving  a  41-cm  (16-in.  )  diameter  open 
access  hole.  The  explosive  was  placed  in 
an  aluminum  cylinder  of  the  same  design 
as  those  used  in  a  series  o.r  907 -kg 
(1-ton)  pure  nitromethane  shots  in  the 
Phase  IIB  experiments.  The  cavity  size 
and  shape,  and  the  size  of  the  unstemmed 
hole  for  the  series  of  907 -kg  (1-ton) 
pure  nitromethane  detonations  were  scaled 
down  from  a  Systems,  Science,  and  Soft¬ 
ware,  Inc.  design  for  a  8.4  X  109  J  (20-ton) 
unstemmed  modeling  detonation.  The  DOB 
of  5,5  m  (18  ft)  was  selected  as  being  near 
the  optimum  DOB  for  stemmed  4.2  X  109  J 
(1-ton)  detonations  in  the  Fort  Peck  Bear- 
paw  shale.  As  shown  in  Fig.  6,3,  a  single 
rate  stick  was  placed  in  the  container  to 
measure  the  detonation  velocity  of  the  ex- 


5.5  m 
(18.2  ft) 


0.91  fit  (3  ft) 

♦ 

L-Gelled  ni- 
trocnethane 

I"*"  ) .  04  m  -<H 
(41  in.) 

Aluminum  container 
with  0.476-cm  (3/16-in.)  wa>! 


Fig.  6.3.  Emplacement  configuration  for 
907 -kg  (1  ton)  of  gelled 
nitromethane  (Event  DOI1B-IT-6). 


plosive.  The  mixing  and  pump  units  pre¬ 
viously  mentioned  were  uBed  to  emplace 
907 -kg  (1  ton)  of  the  gelled  nitromethane 
in  about  3-1/2  hr. 

The  fallout  simulation  technique  is 
fully  documented  in  Ref.  4.  For  this 
fallout  simulation,  97  kg  (200  lb)  of 
sand  (10%  of  the  total  amount  of  explosive 
weight)  containing  80.5  g  of  iridium  was 
mixed  with  the  explosive.  The  fallout 
collection  array  shown  in  Figs.  C.4  and 
6.5  was  used  to  collect  debris  samples 

2 

from  the  detonation  cloud.  The  0,61  -m 
2 

(2  -  ft  )  aluminum  trays  used  on  all  pre¬ 
vious  fallout  sample  tests  were  employed. 
The  wind  data,  elevation,  direction,  and 


\ 
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■» —  Desired  down¬ 
wind  direction 
( 120  deg) 


c 


300 


e  Debris  collector 
*  SGZ 


Arc 

designation 

Distance  from  SGZ 
(m)  (yd) 

A* 

23 

25 

B* 

46 

50 

C 

69 

75 

D 

100 

no 

E 

160 

170 

F 

190 

210 

G 

230 

250 

H 

280 

310 

I 

340 

370 

J 

400 

440 

K 

440 

480 

L 

460 

500 

M 

530 

580 

N 

670 

730 

0 

800 

880 

P 

1,0.0 

1,100 

Q 

1,190 

1,300 

R 

1,460 

1,600 

S 

1,740 

1,900 

T 

1,830 

2,000 

•Additional  collection  trays  were  located  at  5-yd 
intervals  between  the  A  and  B  circles. 

Fig.  6.4.  Close-in  fallout  collection  array 
for  DOIIB-IT-6  detonation. 


speed  required  for  predicting  the  down¬ 
wind  direction  for  this  detonation  were 
obtained  by  a  U.  S.  Air  Force  "PIEBALL" 


Team.  The  DOIIB  IT-6  detonation  was 
planned  for  1000  hr  on  27  October  197  2, 
but  was  placed  on  a  hold  at  H-  15  min 
awaiting  proper  wind  conditions.  The 
wind  readings  taken  at  about  1145  hr 
indicated  that  the  detonation  cloud  debris 
would  be  contained  within  the  collection 
array  and  the  countdown  was  resumed 
with  the  detonation  occurring  at  1210  hr. 

The  detonation  appeared  normal.  The 
rate  stick  produced  a  clear  record  of  the 
detonation  wave  arrival  times.  The  re¬ 
sulting  velocity  was  calculated  to  be 
6.14  mm  .//usee,  a  figure  that  compares 
well  with  the  6.11  mm/^sec  obtained  in 
the  EOS  testing. 

At  approximately  shot  time  the  winds 
had  begun  to  change  direction  and  the 
speed  decreased  slightly.  A  minimum 
wind  speed  of  8  km/hr  (5  mi/hr)  was 
desired  to  move  the  debris  cloud  off  this 
SGZ  area  and  to  be  compatible  with  the 
fallout  prediction  model.  A  weather  pre¬ 
diction  indicating  heavy  snow  for  the  test 
area  precluded  delaying  the  event  to  await 
more  favorable  winds.  Table  6.2  lists 
the  preshot  and  postshot  wind  data. 
These  data  are  plotted  in  wind  hodograph 


Table 

6.2. 

IT- 6  wind 

data. 

Elevation 

Time  ■  1144  hr 
preshot 

Direction  Speed 

Time  *  1210  hr 
postshot 

Direction  Speed 

<  m) 

t't) 

Out 

In 

(knots) 

Om 

In 

fknots) 

0 

0 

268 

88 

2 

0 

0 

0 

30 

100 

27  3 

93 

2 

281 

101 

2 

60 

200 

27  8 

98 

3 

284 

104 

2 

90 

300 

283 

103 

3 

289 

109 

3 

120 

400 

286 

106 

4 

291 

111 

3 

150 

500 

288 

108 

4 

283 

103 

4 

160 

600 

291 

111 

5 

264 

84 

4 

210 

700 

296 

116 

6 

251 

71 

5 

240 

800 

288 

108 

6 

245 

65 

6 

2:0 

900 

282 

102 

7 

242 

62 

6 

300 

1000 

280 

100 

7 

241 

61 

6 

-49- 


Desired  downwind  direction  (120  deg) 


75 


165 


*  SGZ 

*  Debris  collector 

A  Air  sampler  345 

—  Primary  arcs  and  collectors 

—  Secondary  arcs  and  collectors 


300 


Fig.  6.b.  Intermediate -range  fallout  collection  array  for  DOI1B-IT-6  detonation. 


form  for  comparison  purposes  with  the 
desired  downwind  direction  in  Fig.  6.6. 

The  contents  of  each  collector  tray 
were  sieved  for  the  desired  particle 
sizes  and  aliquots  were  incapsulated  and 


irradiated.  The  samples  were  allowed  to 
decay  for  20  days  and  then  counted  in  the 
SRI  gamma  ray  spectrometer.  The  pro¬ 
cedure  employed  in  each  step  of  the  above 
processes  is  described  in  Ref.  4.  The 


N 


Fig.  6.6.  Preshot  and  postshot  wind 
hodographs  for  DOIIB-IT-6 
detonation. 

mass  of  debris  deposited  in  each  tray 
and  the  mass  of  iridium  in  each  tray 
were  computed  and  are  listed  in 
Appendix  D. 

Mass  isodeposition  lines  are  plotted  in 
Fig.  6.7  with  the  collection  array  direc¬ 
tions  and  desired  hotline  indicated.  The 
isod  .josition  lines  for  the  iridium  tracer 
material  are  plotted  in  Fig.  6.8.  The 
effect  of  both  the  change  in  wind  direction 
and  speed  are  evident  from  this  figuhe. 

The  change  in  wind  direction  caused  the 
debris  from  the  cloud  to  be  deposited  in 
the  two  lobes  of  the  pattern.  The  low 
surface  wind  speed  -  0  to  150-m  elevation 
(0  to  500  ft)  —  caused  large  amounts  of  the 
debris  to  be  deposited  in  the  crater  and 
continuous  ejecta  areas. 


As  discussed  in  Chapter  3,  the  deposi¬ 
tion  of  fallout  is  dependent  on  the  winds 
at  the  time  of  detonation.  These  winds 
determine  the  shape  and  size  of  the  fall¬ 
out  pattern.  The  vent  fraction,  f  ,  is 
defined  as  that  portion  of  the  total  radio¬ 
activity  (for  a  nuclear  event)  produced  by 
a  detonation  that  is  deposited  in  local 
area  fallout  outBide  the  continuous  ejecta. 
Thus,  the  vent  fraction  is  also  dependent 
on  the  wind  conditions.  In  (.iis  case,  the 
low  wind  condition  produced  a  small  vent 
fraction  because  a  larger  portion  of  the 
fallout  debris  is  deposited  within  the 
continuous  ejecta. 

The  integration  of  the  total  iridium 
deposited  for  various  radii  of  continuous 
ejecta  and  the  effect  on  the  calculated 
vent  fraction  are  shown  in  Table  6.3. 

The  limit  of  continuous  ejecta,  the  range 
from  SGZ  where  debris  ceases  to  cover 
continuously  the  original  surface,  is  at 
36.6  m  (40  yd).  For  comparative  pur¬ 
poses  the  apparent  crater  radius  is 
7.3  m  (23.6  ft)  and  the  radius  of  the 
crater  lip  is  8.1  m  (29.4  ft). 

Figures  6.9  and  6.10  show  the  iridium 
deposition  as  a  function  of  distance  in  the 
upwind-crosswind  and  downwind  direction. 


Table  6.3.  Effect  of  various  radii  of  con¬ 
tinuous  ejecta  on  vent  fraction. 


Assumed  radius  of 

Vent 

continuous 

ejecta 

fraction 

(m) 

(yd) 

(%) 

22.9 

25 

20.04 

27.4 

30 

12.61 

32.0 

35 

8.96 

3G.6 

40 

6.77 

41.4 

45 

5.91 

45.7 

50 

4.51 

50.3 

55 

3.98 
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5. 0  xlO°  g  / m2 


?  XlO°S/m2 


5X10'1  g/m2 


Flg'  6‘7’  EVCnt  DOIIB-IT-«  density  contours  from  5  X  icf 1  to  S  X  104 


These  curves  are  later  scaled  to  a  com¬ 
mon  event  and  compared  with  nuclear 
flloul  curve,.  The  .cling  „„ 

figure  will  be  explained  later.  These 
curves  will  subsequently  be  referred  to 


u.~..WUi  0  irom  n  x  io  to  S  X  10*  g/m  . 

as  the  "unnormalized"  or  "unsealed" 
iridium  upwind-crosswind  or  downwind 
deposition  curves.  The  curves  are  ob¬ 
tained  from  the  iridium  fallout  deposition 
diagram.  Fig.  6.8,  by  measuring  the 


•IWIlHlllllHii.il  Mi- .:>■  I  lAMjtiMiilii.  .ufciMU 


distance  from  SGZ  to  the  density  contours 
of  interest  along  either  the  upwind- 
crosswind  or  downwind  direction.  A 
"mean"  upwind-crosswind  unnormalized 
iridium  deposition  curve  was  obtained  by 
averaging  the  distances  for  various  den¬ 
sities  obtained  along  several  rays  ema  ¬ 
nating  from  the  SGZ, 


The  downwind  direction  of  the  iridium 
deposition  pattern  reveals  two  possible 
"hotlines"  (along  52  and  120  deg)  and  a 
large  shear.  Both  lines  are  shown  in 
Fig.  6.10.  The  hodograph  reveals  that 
the  first  five  levels  (30.5  m/level;  100  ft,/ 
level),  which  contain  the  base  cloud,  are 
in  close  agreement  with  the  120-deg 
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12  14 

10  10^  10"  10 


Range  —  m 

Fig.  6.9.  Upwind-crosswind  true  deposi¬ 
tion  curve  (Event  DOIIB-IT-6). 

hotline,  whereas  the  wind  direction  of  the 
succeeding  cloud  layers,  which  contain 
the  main  cloud,  dramatically  shifts  to 
the  50-deg  hotline.  Thus,  the  measured 
postshot  wind  directions  and  iridium  fall¬ 
out  pattern  agree  and  postshot  wind  data 
are  used  in  the  subsequent  analysis. 

In  the  fallout  simulation  development 
reported  in  Ref.  4,  the  iridium  deposition 
vs  distance  curves  were  considered  to 
simulate  fallout  if  (1)  the  iridium  curves 
when  scaled  had  the  same  shape  as  a 
scaled  dose  rate  vs  distance  curve  for 
nuclear  events,  and  (2)  the  scaled  curves 
for  upwind-crosswind  and  downwind  irid¬ 
ium  deposition  were  both  vertically  dis¬ 
placed  from  the  normalized  nuclear  curve 
by  the  same  factor.  The  scaling  proce¬ 


dure,  detailed  in  Refs.  4,  15,  and  16,  is 
outlined  below.  For  previous  tests  the 
displacement  factor  was  determined  to  be 

4 

5X10.  Said  another  way,  the  iridium 

deposition  at  a  particular  range  can  be 

converted  to  a  radiation  dose  rate  value 

in  terms  of  roentgens  per  hour  <R/hr)  at 

H+l  hr  by  multiplying  the  iridium  deposi- 

I  r*  2 

tion  in  grams  per  square  meter  (g  /m  1 
by  5  X  104. 

The  scaling  p.  'tcedure  used  ior  the 
it  idium  fallout  simulation  events  is  iden¬ 
tical  to  that  used  for  a  nuclear  subsurface 
event.  Reference  16  documents  the  scal- 
(ng  procedure.  In  subsequent  paragraphs 
and  on  the  figures,  the  scaled  nuclear 
dose  rate  vs  range  is  designated  as  the 
TR-19  curve. 


Range  —  m 


Fig.  6,10.  Downwind  true  deposition 
curve  (Event  DOIIB-IT-6). 
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The  scaling  model  considers  the  radio¬ 
activity  to  be  distributed  ir  cwo  portions 
of  the  detonation  cloud:  the  main  cloud 
and  the  base  surge  cloud. 

The  observed  exposure  rates  for  any 
two  events  are  related  by  physical  scaling 
equations  that  take  into  account  the  major 
factors  controlling  fallout  deposition. 

The  scaling  equations  for  main  cloud 
downwind  deposition  are  as  follows: 


where: 

D _  (R )  =  external  H+l  hr  downwind 

me 

mam-cioud-depo8ited  gamma 
expof  -re  rate  (R/hr)  [or  irid- 
2 

iur  position  (g/m  )], 

R  =  distance  or  range  from  SGZ 
(m);  represents  downwind  hot¬ 
line  distance  in  this  case. 

=  effective  win.  eed  (m/sec), 
usually  assumed  to  be  the 
vector-averaged  wind  velocity 
up  to  one- half  the  main  cloud 
height. 

S  ^  *  effective  wind  shear  (deg)  over 
the  entire  main  cloud  height. 


II  =  main  cloud  height  (m)  at  stabil- 

mc 

ization  (activity  deposited  prior 
to  stabilization  may  be  formally 
considered  as  part  of  the  total 
deposition). 

W  =  equivalent  fission  activity  yield 
of  the  device  (tons)  [or  total 
amount  of  iridium  tracer  (g)). 

1  =  fraction  of  equivalent  fission 

vmc  ^ 

activity  (or  of  total  iridium) 
vented  into  the  main  cloud. 

The  unprimed  quantities  represent  param¬ 
eters  for  the  event  to  which  exposure 
rates  and  ranges  are  being  scaled,  while 
the  primed  quantities  represent  parame¬ 
ters  for  the  event  that  is  being  sealed. 
Generally,  the  cloud  mid -height  wind 
speed,  and  the  total  main  cloud 

height,  H  ,  for  each  event  are  used  in 
me 

the  scaling  equations  (rather  lh?r  the 
wind  speed  and  height  for  e&.  h  >  .  ividual 
cloud  layer).  It  has  been  de.,  c  strated 
that  this  procedure  introduces  little  error 
into  the  predictions. 

The  above  scaling  description  assumes 
that  the  main  cloud  is  a  tall,  thin  cylinder 
with  the  activity  located  along  its  axis. 

The  cloud  is  comparatively  tall,  so  height 
is  more  important  than  radius  in  deter¬ 
mining  the  final  particle  deposition.  Since 
particles  must  fall  from  a  great  height, 
wind  speed  appreciably  affects  their 
descent.  Cloud  width  is  ignored;  the  pat¬ 
tern  width  is  modified  only  by  the  effec¬ 
tive  wind  shear,  Se^f,  which  is  usually 
quite  significant  over  typical  main  cloud 
heights.  Observations  of  main  cloud 
downwind  patterns  do  indeed  show  that  the 


•  <.  ■*: 
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far  downwind  pattern  width  is  well  corre¬ 
lated  with  the  shear. 

The  scaling  equations  for  base  surge 
cloud  upwind -crosswind  and  downwind 
deposition  reflect  the  somewhat  different 
factors  that  control  base  cloud  fallout: 


where: 

°bc  (R)  =  external  H+l  hr  upwind- 

crosswind  or  downwind  base- 
cloud -deposited  gamma  expo¬ 
sure  rate  (R/hr)  [or  iridiutn 
2 

deposition  (g/m  )].  The  upwind- 
crosswind  exposure  rate  and  the 
downwind  exposure  rate  are  two 
different  functions  in  this  case. 
Thus,  there  are  two  different 
"Dbc"  functions  and  two  different 
"Dbc"  functions  for  the  two 
direct  ions, 

R  =  distance  or  range  from  SGZ  (m); 
represents  upwind-crosswind 
distance  or  downwind  distance. 

Rbc  =  radius  of  base  surge  cloud  (m) 
at  stabilization  (activity  depos¬ 
ited  prior  to  stabilization  may 
be  formally  considered  as  part 
of  the  total  deposition), 

Wa  =  equivalent  fission  activity  yield 
of  the  device  (tons)  [or  total 
amount  or  iridium  tracer  <g)]. 


^vbc  =  fraction  of  equivalent  fission 
activity  (or  of  total  iridium) 
vented  into  the  base  cloud. 

The  unprimed  quantities  again  represent 
parameters  for  the  event  to  which  expo¬ 
sure  rates  are  being  scaled,  while  the 
primed  quantities  represent  parameters 
for  the  event  that  is  being  scaled.  Sep¬ 
arate  functions  are  not  used  for  the 
upwind  direction  and  the  crosswind  direc¬ 
tion  because  nuclear  exposure  rate  func¬ 
tions  in  these  directions  were  found  to  be 
nearly  equal. 

Once  the  input  parameters  for  a  given 
event  are  known,  the  observed  exposure 
rates  may  be  scaled  and  compared  to  any 
other  event  of  interest.  3eeause  data 
from  a  considerable  number  of  tests  are 
now  available,  it  is  convenient  to  scale 
or  normalize  all  events  to  a  standard  set 
of  conditions.  The  conditions  selected  in 
the  original  scaling  study15  were  as  fol¬ 
lows:  for  main  cloud  fallout,  H  =  1  m. 

me  ' 

V  -  1  m/sec,  S  -  1  deg,  f  W 
eff  '  eff  61  vmc  a 

=  4.2  X  109  J  (1-ton)  fission  activity:  for 

base  cloud  fallout,  R,  =  1  m,  f  ,  W 
q  ’be  ’  vbc  a 

=  4.2  X  10a  J  (1-ton)  fission  activity.  The 
base  cloud  wind  shears  and  velocities  are 
implicitly  assumed  to  lie  in  or  near  the 
range  of  conditions  for  the  nuclear  tests 
[Seff(base  cloud)  ~  5  deg,  V^tbase 
cloud)  -  3  to  1C  m/sec) ,  although  these 
quantities  do  not  appear  in  the  base  cloud 
scaling  equations.  Similar  standard  con¬ 
ditions  will  be  used  to  normalize  the 
iridium  deposition  data  (see  below).  Ex¬ 
posure  rate  functions,  D  (R),  that  have 

me 

been  scaled  to  the  standard  main  cloud 
conditions  are  termed  "normalized  main 
cloud  exposure  rates."  Likewise,  expo¬ 
sure  rate  functions,  Dbc<R),  that  have 


been  scaled  to  the  standard  base  cloud 
conditions  are  known  as  "normalized  base 
cloud  exposure  rates."  Each  normalized 
exposure  rate  function  for  a  given  event 
should  coincide  closely  with  the  same 
normalized  exposure  rate  function  for 
the  other  events.  The  goodness  of  fit 
is  a  test  of  the  physical  validity  of  the 
scaling  relations.  Any  deviation  from 
a  satisfactory  fit  may  give  information 
about  physical  parameters  that  have  been 
omitted  from  the  model  or  about  real 
differences  between  fallout  deposition 
mechanisms  for  various  events. 

The  iridium  deposition  data  may  be 
normalized  in  a  manner  analogous  to  the 
fallout  exposure  rate  data.  First,  a  set 
of  standard  conditions  to  which  all  events 
are  scaled  must  be  specified.  The  stand¬ 
ard  cloud  dimensions  and  wind  conditions 
adopted  are  the  same  as  those  for  the 
nuclear  events  above.  Comparability 
with  the  nuclear  data  is  thus  achieved. 
However,  the  amount  of  iridium  vented 
into  the  main  cloud  or  base  cloud  cannot 
be  directly  expressed  in  terms  of  equiva¬ 
lent  fission  yield  until  a  suitable  conver¬ 
sion  factor  is  determined.  It  is  neces¬ 
sary  to  select  an  arbitrary  normalization 
standard  for  this  parameter.  The  previ¬ 
ous  fallout  simulation  events  contained  a 
total  activity,  W',  of  83.5  g  of  iridium. 
Therefore,  it  was  decided  to  scale  all 
data  to  a  standard  main  cloud  or  base 
cloud  activity  content  of  83.5  g: 

f  W  -  83.5  g 

vmc  a  b 

f  ,  W  =  83.5  g 
vbc  a  6 


f'  W*  or  f' .  W',  where  W'  =  the  amount 
vmc  a  vbc  a'  a 

of  iridium  placed  in  the  charge. 

In  order  to  accomplish  the  scaling 
process,  a  fixed  "Scaling  Point"  muBt  be 
selected  for  each  observed  iridium  depo- 

Q 

sition  diagram.  The  point  (R'  =  10  m, 

D1  =  10  4  g/m2)  has  been  chosen  for  rea¬ 
sons  of  convenience.  This  scaling  point 
is  marked  in  Figs.  6.9  and  6.10,  The 
fixed  point  will  translate  into  normalized 
or  calculated  main  cloud  and  base  cloud 
scaling  points  determined  from  Eqs.  (1) 
through  (4).  These  points  will  be  called 

{rmc*  dmc!  and  (rbc’  dbc)‘  respectively. 
Substituting  into  Eqs.  (1)  through  (4),  we 
obtain  the  following  results: 

For  the  main  cloud: 


For  the  base  cloud: 


_  83.5  g  (  ^bc  \ 

'  1,0 


’4  g/m2) 


The  actual  amount  of  activity  vented  into 
a  main  cloud  or  base  cloud  will  be 
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“  10"4  dc'  (R^)2; 


(7) 


. *Jmd» . ; . 


(8) 


pbc=  <103  =  10 


*£7‘ 


The  units  of  r  and  d  are  meters  and 
o 

g/m  ,  respectively.  These  scaling  points 
will  be  used  to  normalize  all  iridium  dep¬ 
osition  curves  and  to  compare  the  iridium 
data  with  normalized  fallout  exposure 
rates.  Table  6.4  lists  the  scaling  equa¬ 
tion  parameters  used.  RJ  and  H' 

be  me 

were  obtained  frem  photographic  records. 

and  are  obtained  from  the  post¬ 
shot  hodograph. 

The  partition  functions,  f1  _  and  f1 .  , 

vme  vbc 

for  HE  iridivm-traced  shots  at  various 
scaled  depths  of  burial  are  not  known  at 

4 

the  present  time  but  can  be  deduced.  It 

was  determined  that  f' .  =  0.7  5  f'  and 

vbc  v 

f'  =  0.25  f'  produced  the  best  scaling 
vmc  v  K  e 

results.  Previous  events  showed  distri¬ 
bution  of  f'  =  0.60  and  f'  -  0.40.  The 
vbc  vmc 

75-25  split  does  not  seem  unreasonable 
considering  the  size  of  the  base  cloud  and 
the  low  wind  velocity  that  permitted 
debris  from  the  main  cloud  to  drop  into 
the  base  cloud. 

Figures  6.11  through  6.18  show  IT-6 
scaled  to  the  nuclear  curves  found  in 
TR-19  —  Ref,  15  —  (divided  by  5  X  10^,  the 
conversion  factor).  The  scaling  points 
used  in  these  figures  are  listed  in 
Table  6.4.  Two  cases  are  shown  for  two 
different  ranges  of  continuous  ejecta; 

22.9  and  36.6  m  (25  and  40  yd).  In  the 

case  ill  which  f  .  =  f' _ =  0.5  f  ,  it  is 

evident  from  Figs.  6.11  to  6.14  that  the 
assumed  partition  of  activity  is  incorrect. 
The  base  cloud  curve  is  high  while  the 
main  cloud  curves  (52  and  120  deg  hot¬ 
lines)  with  respect  to  the  nuclear  curve 

are  low.  This  implies  that  f' .  >  f 

K  vbc  vmc 


Scaled  range  —  m 


Fig.  6.11.  Normalized  DOIIB-IT-6 

upwind-crosswind  aeposition 
using  fv  beyond  22.9  m 
(25  yd)  and  a  50-50  partition 
of  activity  between  base  and 
main  cloud. 

because  as  f'vbc  —  100%  the  base  cloud 

scaling  point  shifts  downward,  and  as 

f1  —  0,  the  main  cloud  scaling  point 
vmc 

shifts  upward.  Thus,  an  assumption  of 

f ' ,  =  0.7  5  f'  and  f'  =  0.25  f'  was  made, 

vbc  v  vmc  v 

The  results  are  shown  in  Figs.  6.15  to 
6,18.  Under  this  premise  the  scaled 
IT-6  curves  at  both  continuous  ejecta 
ranges  agree  much  more  closely  in  both 
the  upward-crosswind  and  downwind 
directions. 


CONCLUSIONS 


This  test  program  produced  a  means 
of  safely  gelling  nitromethane  to  a 


-A 
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Fig.  6.12.  Normalized  DOIIB-lT-6  down¬ 
wind  deposition  using  fy 
beyond  22.9  m  (25  yd)  and  a 
50-50  partition  of  activity 
between  base  and  main  cloud. 

consistency  that  would  maintain  the  fallout 
simulant  particles  in  uniform  suspension 
for  a  minimum  period  of  two  weeks. 

This  two-week  period  is  considered  suf¬ 
ficient  for  the  maximum  downhole  time 
expected  in  any  future  Diamond  Ore  or 
ESSEX  testing.  A  means  of  field  mixing 
and  pumping  the  gelled  nitromethane  at 
the  907 -kg  (1-ton)  level  was  developed 
and  tested.  This  mixing  and  pumping  sys¬ 
tem  is  considered  safe.  Testing  of  other 
mixing  and  pumping  systems  is  being 
conducted  to  increase  the  system's 
capacity  in  view  of  the  multiton  yields  to 
be  employed  in  Project  ESSEX 


An  EOS  for  this  gelled  nitromethane 
and  traced  sand  mixture  has  been  pro¬ 
duced  and  documented  for  use  in  design 
calculations  by  K  Division,  LLL,  and 
Systems,  Science,  and  Software,  Inc.  The 
reproducibility  of  the  explosive  has  been 
demonstrated  in  Laboratory  testing  at 
LLL  and  in  a  detonation  at  the  907 -kg 
(1-ton)  level.  The  compatibility 
of  the  gelled  nitromethane  with  the  fall¬ 
out  simulation  program  has  been 
demonstrated  at  the  907 -kg  (1-ton) 
level.  The  sensitivity  of  the  fallout 
tracing  system  has  not  been  affected  by 


10'1  10°  101  102 
Scoled  ronge  m 

Fig.  6.13.  Normalized  DOIIB-IT-6 

upwind-crosswind  deposition 
using  fy  beyond  36.6  m 
(40  yd)  and  a  50-50  partition 
of  activity  between  base  and 
main  cloud. 
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Scaled  range  —  m 


Fig.  6.14.  Normalized  DOIIB-1T-6  down¬ 
wind  deposition  using  fv 
beyond  36.6  m  (40  yd)  and  a 
50-50  partition  of  activity 
between  base  and  main  cloud. 


Scaled  range  —  m 


Fig.  6.15.  Normalized  DOIII3-IT-6 

upwind-crosswind  deposition 
using  iv  beyond  22.9  m 
(25  yd)  and  a  75-25  partition 
of  activity  between  base  and 
main  cloud. 


Table  6.4.  Scaling  parameters  used  in  normalizing  IT-6  to  nuclear  curves.'^ 


W'  = 
a 

80.5  g; 

H- c  *  85 

m:  Seff  =  34-5  deg:  Veff  = 

1.4  1  m/sec. 

R 

f'  = 

V 

,/vbc 

Base  cloud 

Main 

cloud 

eeta 

+  f 

vmc 

scaling  points 

scaling  points 

(m) 

(yd) 

f' 

V 

^vbc 

V 

vmc 

dbc  rbc 

^mc 

r 

me 

22.9 

25 

0.200 

0.50 

0.50 

7.33  X  10°  1.18  X  101 

6.39  X  103 

2.38  X  10° 

36.6 

40 

0.068 

0.50 

0.50 

2.11  X  101  1.18  X  101 

1.82  X  104 

2.38  X  10° 

22.9 

25 

0.200 

0.75 

0,25 

4.89  X  10°  1.18  X  101 

1.23  X  104 

2.38  X  10° 

36.6 

40 

0.068 

0.75 

0.25 

1.44  X  101  1.18  X  101 

3.65  X  104 

2.38  X  10° 

its  use  with  this  explosive.  The  problem 
of  determining  vent  fraction  and  comparing 
vent  fractions  for  different  types  of  stem¬ 


ming  will  be  resolved  on  future  tests  by 
specifying  both  minimum  and  maximum 
wind  velocities  at  the  time  of  detonation. 


Scaled  iridium  depojirion  —  g/m 
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Scaled  range  —  m 

Fig.  6.16.  Normalized  DOI1B-IT - G  down¬ 
wind  deposition  using  fv 
beyond  22.9  m  (25  yd>  and  a 
75-25  partition  of  activity 
between  base  and  main  cloud. 
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Scaled  range  —  m 

Fig.  6.17.  Normalized  DOIIB-IT-6 

upwind-crosswind  deposition 
using  fv  beyond  36.6  m 
(40  yd)  and  a  7  5-25  partition 
of  activity  between  base  and 
main  cloud. 
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Nuclear 
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Fig.  6.18,  Normalized  DOIIB-IT-6  down¬ 
wind  deposition  using  fv 
beyond  30.6  m  (4  0  yd)  and  a 
75-25  partition  of  activity 
between  base  and  main  cloud. 
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Chapter  7 

Summary  and  Conclusions 
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SUMMARY 

The  Diamond  Ore/ ESSEX  programs 
are  jointly  sponsored  by  the  Chief  of 
Engineers  and  the  Defense  Nuclear 
Agency.  The  Diamond  Ore  program  was 
initiated  in  1970  to  determine  the  effects 
that  different  types  of  emplacement-hole 
stemming,  DOB's,  and  geologic  media 
will  have  on  the  crater  size,  radioactive 
fallout,  and  other  collateral  effects  pro¬ 
duced  by  the  subsurface  detonation  of 
nuclear  cratering  devices  of  subkiloton 
yields.  This  purpose  was  expanded  at 
the  beginning  of  FY  73  to  include  the 
study  of  other  targeting  effects  where 
cratering  may  or  may  not  be  the  primary 
destruction  mechanism.  The  expanded 
program  was  given  the  name  ESSEX, 
which  is  an  acronym  for  Effects  of  Sub- 
Surface  Explosions. 

These  investigations  are  being  con¬ 
ducted  with  chemical  explosive  energy 
sources  designed  to  simulate  nuclear 
'lurces.  The  Diamond  Ore  program  is 

develop  the  chemical  explosive  charge 
configurations  required  to  model  subsur¬ 
face  nuclear  detonations.  This  modeling 
was  to  include  a  means  of  simulating 
radioactive  fallout.  A  nominal  yield  of 
84  X  109  J  (20  tons)  was  selected  for  the 
model  development  studies.  The  model 
development  studies  are  being  conducted 
through  a  complimentary  series  of  calcu¬ 
lations  and  field  experiments.  Calcula¬ 
tions  are  being  performed  by  K- Division, 
of  the  Lawrence  Livermore  Laboratory 


(LLL)  and  Systems,  Science,  and  Soft¬ 
ware,  Inc,  Two  depths  of  burial  are 
being  considered  in  these  model  develop¬ 
ment  studies.  K-Division,  LLL,  is 
performing  cratering  calculations  at  a 
DOB  of  12.5  m  (41  ft),  which  is  generally 

9 

considered  optimum  for  the  84  X  10  J 
(20-ton)  yield.  Systems,  Science,  and 
Softwares,  Inc.  is  conducting  cratering 
calculations  at  a  DOB  of  6  m  (19.7  ft'  or 
about  half  of  the  optimum  DOB.  Calcula¬ 
tions  by  bot  h  agencies  are  to  consider 
fully  stemmed,  unstemmed  (air-stemmed) 
and  water-stemmed  emplacement  config¬ 
urations.  Model  development  is  being 
accomplished  through  the  cratering  cal¬ 
culation  for  a  nuclear  detonation  at  the 
appropriate  DOB.  Chemical  explosive 
cratering  calculations  are  then  conducted 
in  an  attempt  to  match  the  pressure, 
velocity,  density,  and  energy  depositions 
predicted  by  the  nuclear  calculation. 
Changes  in  the  chemical  explosive  yield 
and  shape  are  made  until  a  good  match  is 
achieved  between  the  two  predictions. 

The  resulting  design  for  the  chemical 
charge  is  then  field-tested  at  full  scale. 
Field  test  data  are  obtained  from  instru¬ 
mentation  placed  at  points  of  interest  to 
the  computational  effort.  The  field  data 
are  then  compared  with  the  predicted 
data  and  changes  are  made  to  the  charge 
design  as  necessary  to  match  the  pre¬ 
dicted  results.  After  any  necessary 
changes  have  been  made,  the  chemical 
explosive  model  design  is  ready  for  em¬ 
ployment  in  various  terrain  and  geologic 
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conditions  to  determine  the  effects  of 
stemming,  DOB,  and  geologic  media. 
Collateral  effects  data  will  be  gathered 
and  used  as  input  to  the  specific  ESSEX 
targeting  studies. 

The  cratering  calculations  require  the 
input  of  two  specific  types  of  data.  They 
are  an  equation-of-state  for  the  geologic 
medium  and  an  equation-of-state  for  the 
chemical  and  nuclear  explosive.  The 
initial  explosive  selected  for  the  Diamond 
Ore  experiments  was  &  water-gelled  alu¬ 
minized  ammonium  nitrate  slurry.  Dow 
Chemical  Company  was  selected  to  supply 
this  explosive  through  standard  competi¬ 
tive  bidding  procedures  based  on  perform  ¬ 
ance  specifications  developed  by  EERL 
and  the  Organic  Materials  Division, 
Chemistry  Department,  LLL.  Explosive 
safety  testing  was  conducted  at  Dow  in 
addition  to  initial  performance  testing. 

The  fallout  simulation  development 
program  was  conducted  jointly  by  EERL 
and  the  Stanford  Research  Institute  (SRI). 
The  system  developed  called  for  the  seed¬ 
ing  of  the  explosive  charge  with  iridium- 
coated  sand  of  known  specific  particle 
sizes.  These  traced  particles  were  uni¬ 
formly  mixed  throughout  the  explosive  at 
10%  by  weight  level.  The  initial  testing 
by  Dow  included  the  explosives  with  this 
10%  sand  level.  A  series  of  small-scale 
2,7 -kg  (6-lb)  -  ratering  detonations  was 
conducted  by  l.ERL  in  a  sand  test  pit  at 
the  LI.L  Site  300  test  facility.  Stemmed 
cratering  curves  were  developed  from 
this  testing  for  both  the  pure  explosive 
and  the  sand-contaminated  explosive. 

Any  differences  in  the  cratering  effective¬ 
ness  between  these  two  explosives  were 
well  within  the  scatter  of  the  t<st  pit  data. 
Two  unstemmed  detonations  and  a  water¬ 


stemmed  detonation  were  also  conducted 
in  this  series.  As  was  expected,  the 
water-stemmed  crater  fell  very  close  to 
the  stemmed  curve  with  the  unstemmed 
detonations  indicating  reductions  in  both 
crater  radius  and  crater  depth.  All  of 
the  sand-contaminated  shots  included 
testing  of  the  fallout  simulation  program. 
Fallout  samples  were  collected  from 
each  of  these  shots.  Samples  from  the 
water-stemmed,  unstemmed,  and  two 
stemmed  detonations,  all  at  about  opti¬ 
mum  DOB,  were  processed  for  determi¬ 
nation  of  fallout  data.  Identical  vent 
fractions  were  obtained  for  the  two 
stemmed  detonations  demonstrating  the 
reproducibility  of  the  fallout  simulation 
system.  The  unstemmed  and  water¬ 
stemmed  detonations  produced  a  signifi¬ 
cantly  higher  vent  fraction  than  the 
stemmed  detonations.  This  might  have 
been  assumed  considering  the  immediate 
venting  of  the  detonation  produced  by  the 
open  emplacement  hole  and  the  apparent 
lower  stemming  efficiency  of  water.  The 
water-stemmed  detonation  produced  the 
largest  vent  fraction  numerical  value. 
Because  vent  fraction  is  defined  as  the 
sum  of  material  vented  and  deposited  in 
the  focal  fallout  area,  vent  fraction 
should  not  be  interpreted  as  meaning  the 
total  of  the  vented  material.  The  vent 
fraction  values  were  not  compared  to 
actual  nuclear  vent  fractions  from  nu¬ 
clear  cratering  tests  at  NTS,  because  no 
attempt  was  made  to  model  nuclear  test 
phenomena,  such  as  the  use  of  detailed 
and  keyed  stemming  designs  or  the  match¬ 
ing  of  uphole  velocities  or  reactions  in 
the  unstemmed  or  water-stemmed  cases. 
The  difference  in  these  vent  fractions 
does  however  demonstrate  the  sensitivity 
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of  the  fallout  simulation  system  for 
the  various  stemming  conditions. 

The  fallout  simulation  system  was 
also  tested  at  the  4.2  X  10®  J  (1-ton) 
level  in  conjunction  with  the  Middle 
Course  II  experiments  at  Trinidad, 
Colorado.  Results  of  these  tests  with 
various  types  of  stemming  demonstrated 
the  same  vent  fraction  trends  as  were 
found  in  the  Site  300  2.7-kg  (6-lb)  tests. 

In  order  to  obtain  field  data  to  do  code 
development  work,  three,  heavily  instrn- 
mented  9,070-kg  (10-ton)  detonations 
were  conducted  at  Fort  Peck.  Montana, 
in  October  1971.  These  detonations  in¬ 
cluded  a  fblly  stemmed  and  an  unstem¬ 
med  detonation  at  a  DOB  of  12.5  m  (41  ft), 
and  a  fully  stemmed  detonation  at  a  DOB 
of  6  m  (19.7  ft).  Detonation  velocity 
measurements  were  made  in  each 
quadrant  of  each  9,070-kg  (10-ton) 
sphere.  These  measurements  for  the 
first  detonation  indicate  that  all  four 
quadrants  of  the  explosive  detonated  uni¬ 
formly  and  at  about  the  predicted  velocity. 
The  same  measurements  in  the  second 
detonation  l  DOB  of  12.5  m  (41  ft) 
stemmed]  and  in  the  third  detonation 
[DOB  of  6  m  (19.7  ft)  stemmed]  indi¬ 
cated  not  only  a  generally  slower  detona¬ 
tion  than  the  first  shot,  but  significant 
variations  were  noted  within  each  charge. 
This  lack  of  reproducibility  in  this  explo¬ 
sive  was  verified  in  subsequent  EOS  test¬ 
ing  by  the  Chemistry  Department,  LLL. 
Attempts  were  made  to  stabilize  the 
detonation  characteristics  through  a 
series  of  formulation  changes.  After 
exhaustive  testing,  the  explosive  was 
stabilized  but  was  also  desensitized  to  a 
point  where  it  was  not  considered  appli¬ 
cable  to  the  Diamond  Ore  program. 


During  this  testing  a  search  for  a  back¬ 
up  explosive  was  conducted.  This  search 
was  directed  at  a  means  of  gelling  or 
thickening  nitromethane  to  a  consistency 
that  would  hold  he  fallout  simulant  parti¬ 
cles  in  uniform  suspension.  A  modified 
guar  gum  (XG512),  being  developed  for 
the  express  purpose  of  gelling  nitrometh- 
ane,  was  obtained  from  General  Mills, 

Inc,  Laboratory  testing  by  the  LLL 
Chemistry  Department  decided  on  a  mix¬ 
ture  of  3%  gum,  10%  sand,  and  87%  nitro¬ 
methane.  This  mixture  wae  sufficiently 
thick  to  maintain  the  sand  in  suspension 
for  a  two-week  period.  Safety  and  EOS 
testing  was  conducted  on  the  3/  10/87% 
mixture,  and  a  system  for  the  field  mix¬ 
ing  and  down-hole  emplacement  war 
developed  and  tested.  This  system  was 
then  used  in  the  conduct  of  a  907 -kg 
(1-ton)  unstemmed  gelled  nitromethane 
experiment  at  a  DOB  of  5.5  m  (18  ft)  at 
Fort  Peck,  Montana,  in  October  1972. 
Detonation  velocity  measurements  taken 
in  this  907-kg  (1-ton)  detonation 
verified  the  laboratory-obtained  velocities. 
This  907-kg  (1-ton)  detonation  also 
included  a  test  of  the  fallout  simulation 
program.  This  testing  indicated  no 
compatibility  problems  between  the  two 
systems.  Wind  conditions  experienced 
during  this  test  prevented  the  calculation 
of  a  realistic  vent  fraction.  A  report 
dealing  with  the  other  cratering  test  con¬ 
ducted  at  Fort  Peck  in  October  1972  will 
be  published, 

CONCLUSIONS 

The  water-gelled  aluminized  ammo¬ 
nium  nitrate  slurry  extensively  tested  in 


the  Diamond  Ore  program  is  not  suitable 
for  use  in  scientific  work  where  repro¬ 
ducibility  in  the  micro/millisecond  time 
frame  is  necessary.  The  size/yield 
dependency  effects  caused  by  the  rela¬ 
tively  wide  detonation  front  exhibited  by 
this  explosive  should  be  expected  in  other 
complex  composite  explosives.  The  re¬ 
producibility  problems  on  the  micro¬ 
scopic  scale  do  not  affect  the  use  of  these 
explosives  in  commercial  applications 
where  the  macroscopic  scale  is  of  interest. 

The  gelled  nitromeihane,  composed  of 
3%  by  weight  of  the  gelling  agent,  XG512- 
guar  gum,  10%  trace  sand,  and  87% 
nitromethane,  is  a  high-energy,  repro¬ 
ducible  and  economic  explosive  suitable 
for  use  in  the  Diamond  Ore /ESSEX  pro¬ 


gram.  An  equation-of-state  suitable  for 
use  in  the  calculation  programs  was 
defined  for  this  explosive  by  the  Chemis¬ 
try  Department  at  LLL.  This  explosive 
is  alBO  compatible  with  the  fallout  simula¬ 
tion  program. 

The  fallout  simulation  program  as 
developed  jointly  by  EERL  and  SRI  meets 
the  objectives  of  the  Diamond  Ore  pro¬ 
gram  in  that  it  allows  determination  of  a 
vent  fraction  for  various  emplacement 
configurations  to  include  the  type  of  stem¬ 
ming,  DOB,  and  effects  of  unstemmed 
hole  sizes.  This  system  also  simulates 
radioactive  fallout  in  that  iridium  mass 
deposition  curves  can  be  scaled  to  the 
upwind -cros8wind  and  downwind  dose 
rate  curves  from  nuclear  detonations. 
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Appendix  A 

Explosives  Contract  Specifications 


This  appendix  contains  a  verbatim  copy  of  the  specifications  section 
of  the  Project  Diamond  Ore  explosives  contract  as  awarded  to  the  Dow 
Chemical  Company.  Specifications  are  included  for  the  explosive,  manu¬ 
facturer  testing,  and  certification,  and  for  the  supply  of  specific  quantities 
of  the  explosive  to  NCG  (now  EERL).  The  certifications  provided  by  the 
manufacturer  contained  information  regarded  as  proprietary.  This  infor¬ 
mation  is  therefore  not  published  in  this  report.  Requests  for  this  infor¬ 
mation  should  be  directed  to  the  manufacturer. 


SECTION  F 


Project  DIAMOND  ORE  --  SPECIFICATIONS 
F-l  Project  Description 

A.  Introduction.  Project  DIAMOND  ORE  i9  a  three  phase  program  devel¬ 
oped  by  the  Nuclear  Cratering  Group  (NCG)  to  study  the  problem  of  simulating  a 
nuclear  detonation  using  chemical  slurry  explosives.  The  principal  objectives 
of  the  program  are:  (1)  to  model  the  cratering  characteristics  of  a  nuclear 
detonation,  and  (2)  to  simulate  the  radioactive  fallout  from  a  nuclear  detona¬ 
tion.  To  simulate  tne  radioactive  fallout,  it  is  envisioned  that  a  non- radio¬ 
active  tracer  element  will  be  coated  on  sand  particles,  and  the  sand  particles 
mixed  uniformly  with  the  chemical  explosive.  Following  detonation,  the  sand 
contaminant  will  be  collected  in  fallout  trays.  The  collected  samples  will  be 
irradiated  in  a  nuclear  reactor  to  activate  the  tracer  element  on  the  sand 
particles.  The  levels  of  induced  activity  in  the  collected  samples  will  then 
define  a  fallout  pattern. 

Project  DIAMOND  ORE  will  be  conducted  in  three  phases.  Phase  1  will 
include  the  chemical  explosive  selection,  selection  of  the  sand  contamination 
level  necessary  for  collection,  and  small-scale  (approximately  six-pound 
spherical  charges)  chemical  explosive  testing  performed  by  the  selected  man¬ 
ufacturer  and  by  NCG.  At  the  present  time,  it  is  not  known  what  percentage 
weight  level  of  sand  contaminant  can  be  used  to  both  (1)  permit  high  order 
detonation  of  the  approximately  six-pound  spherical  charge,  and  (2)  permit 
physical  detection  of  the  sand  following  collection  of  fallout  samples,  prior 
to  irradiation.  In  Phase  I  equation-of-state  testing  will  be  performed  by 
the  Lawrence  Radiation  Laboratory  (LRL)  on  both  the  selected  pure  explosive 
and  the  pure  explosive  with  the  chosen  level  of  sand  contamination. 

Phase  II  will  include  two  large  scale  nuclear  test  simulations  (large 
chemical  explosive  detonations  containing  the  tracers)  to  be  performed 


at  Fort  Peck,  Montana,  during  the  fall  of  1971,  plus  an  undetermined  number  of 
large-scale  nuclear  test  simulations  to  be  conducted  during  the  spring  or 
summer  of  1972.  Phase  111  will  consist  of  between  two  to  eight  large-scale 
nuclear  test  simulations  to  be  conducted  during  Fiscal  Vear  1973. 

B.  Explosive  Specifications.  The  pure  explosive  selected  for  Phases  t 
and  II  will  be  a  slurry  which  must  meet  the  following  performance  specifications: 

1.  The  minimum  energy  density  (mass  density  times  theoretical  heat  of 
detonation)  shall  be  2350  cal/cc.  The  theoretical  heat  of  detonation  shall  be 
calculated  by  taking  the  difference  in  heats  of  formation  between  products  and 
reactants,  assuming  complete  reaction  of  the  reactants. 

2.  The  minimum  density  after  gelling  shall  be  1.50  gm/cc. 

3.  The  minimum  detonation  velocity  shall  be  5000  m/sec. 

4.  The  slurry  explosive  shall  have  a  critical  diameter  such  Fiat  a  6-inch 
diameter  sphere  of  explosive  with  10.0%  sand  contamination  (i.e.,  90.0%  by 
weight  explosive  and  10.0%  by  weight  sand  contaminant)  will  have  a  high  order 
detonation  using  a  No.  8  blasting  cap  and  150  gm  of  pentolite  booster. 

5.  Sensitivity:  The  pure  explosive  shall  be  no  more  sensitive  or  hazard¬ 
ous  than  tritonal  (80%  TNT,  20%  Al). 

6.  Gelling:  The  pure  explosive  shall  be  homogeneous  throughout  and  shall 
gell  to  a  consistency  that  will  support  a  6-foot  high  column  of  gravelly  sand 

in  a  3-foot  diameter  drill  hole  without  intermixing.  Any  cover  employed  by 
the  Contractor  to  prevent  intermixing  is  subject  to  final  approval  by  the 
Contracting  Officer.  Prior  to  gelling,  the  explosive  shall  be  sufficiently 
liquid  to  allow  pumping  through  a  2-inch  inside  diameter  hose  100  feet  long 
at  a  rate  of  at  least  100  lbs/min. 

7.  Filling  explosives  containers:  The  Nuclear  Cratering  Group  will  fur¬ 
nish  a  total  of  250  translucent  plastic  (PVC)  hemispheres  for  all  spherical 
charges  to  be  manufactured.  (This  includes  56  extra  hemispheres.)  Each 


-69- 


plastic  (PVC)  hemisphere  is  0.030  inches  thick,  6.0  inches  in  diameter  with 
a  0.5-inch  flange.  The  plastic  hemispheres  shall  be  filled  such  that  the 
gelled  explosive  is  level  with  the  flange  on  the  hemisphere.  Two  such  hemi- 
sphc^es,  when  mated  together  to  form  a  sphere,  shall  have  no  voids.  In  addi¬ 
tion,  a  sufficient  number  of  test  assembly  containers  will  be  supplied  by  LRL 
^through  NCG  for  filling.  No  extra  test  assembly  containers  will  be  included. 
Specific  data  as  to  size  and  shape  of  these  test  containers  will  be  furnished 
later. 

8.  Sand  contaminant:  The  sand  contaminant  will  be  supplied  by  NCG.  It 
will  range  in  particle  size  from  125  p  to  17  5  p.  The  sand  contaminant  shall  be 
mixed  uniformly  throughout  the  explosive  in  the  quantity  specified  by  item 
number.  The  sand  contaminant  will  be  shipped  in  three  separate  shipments  for 
use  in  Explosive  Lots  1  through  3.  Sand  Shipment  No.  1  will  contain  25  n->unds 
in  one  5-gallon  cont  ier.  This  quantity  is  double  the  amount  of  s»nd  r  q  i:  ed. 
Quantities  for  Sand  Shipment  Nos.  2  and  3  will  be  determined  at  a  later  di  te. 

A  sufficient  excess  will  be  included. 

0.  The  co.ierical  charges  of  a  given  item  shall  have  a  density  and  weight 
variation  no  greater  than  three  percent. 

10.  The  explosive  s  tall  be  chemically  compatible  with  the  furnished  PVC 
plastic  hemispheres  such  that  12  months  storage  of  the  explosive  in  the  hemi¬ 
spheres  will  not  cause  any  degradation  of  the  explosive  or  the  hemispheres. 

C.  Research  Proposal 

Each  vi  dor  shall  submit  a  firm  fixed  price  bid  for  the  servii  p s  to  be 
performed  as  iisted  in  the  Schedule  hereof.  The  proposal  shall  contain  the 
information  detailed  below: 


1.  Company  Background  Information 

a.  Description  of  Research  Facilities:  Each  vendor  shall  include  a 


description  of  its  research  facilities  to  be  used  for  the  testing  and  production 
of  the  required  explosive. 

b.  Statement  of  Previous  and  Current  Experience  in  the  Slurry  Explosive 

Field. 

c.  Principal  Investigator:  Each  vendor  shall  provide  a  resume  for  the 
principal  investigator  on  the  project. 

2.  Technical  Specifications  to  be  Provided.  The  proposed  explosive  must 
meet  all  the  performance  and  handling  specifications  listed  in  paragraph  IB. 

The  following  information  shall  be  furnished  by  the  vendor: 

a.  Chemical  formulation  of  explosive  in  percentage  by  weight  described  in 
terms  of  common  chemical  names  and  not  i..  terms  of  special  company  designa¬ 
tions.  This  shall  include  the  amount  and  composition  of  all  gelling  events.  This 
information  will  be  regarded  as  proprietary  and  classified  "For  Official  Use 
Only." 

b.  The  particle  size  distribution  of  all  components  comprising  the  explo¬ 
sive.  In  addition,  the  expected  particle  size  distribution  of  all  components 
after  gelling. 

c.  Minimum  energy  release  as  calculated  by  taking  the  difference  in  heats 

of  formation  bet  ween  products  and  reactants,  assuming  complete  reaction  of  the 

* 

reactants. 

d.  Minimum  density  after  gelling. 

e.  Shock,  bubble,  and  total  energy  in  calories  per  gram  of  explosive 
(booster  energy  is  subtracted  out). 

f.  Cap  sensitivity. 

g.  Minimum  pentolite  booster  required  for  high  or  der  detonation. 

D.  Explosive  Selection.  Award  of  a  contract  will  be  or  he  basis  of  the 
lowest  bid  price  for  the  services  to  be  performed  ;  °  listed  in  the  Schedule. 


1.  Testing  -  Part  1.  The  vendor  shall  manufacture  spherical  charges  of 
the  pure  explosive  (Item  1)  and  spherical  charges  of  explosive  with  several 
percentage  weights  of  contamination  (Items  2  through  6),  as  detailed  in 

the  Schedule.  The  vendor  shall  also  manufacture  pure  explosive  for  the  fill¬ 
ing  of  test  assembly  containers  to  be  used  in  equation-of-state  testing  by  LRL 
(see  the  Schedule).  The  test  assembly  containers  will  be  furnished  by  LRL 
through  NCG.  The  manufacturer  shall  conduct  the  following  tests: 

Underwater  Tests:  Three  underwater  tests  shall  be  conducted  on  each  of 
the  explosive  Items  1  through  6  to  determine: 

(a)  Shock  energy 

(b)  Bubble  energy 

(c)  Total  energy 

All  energies  shall  be  reported  in  cal/gm  of  pure  explosive;  i.e.,  the  contami¬ 
nation  and  booster  shall  be  subtracted  out.  The  explosive  charges  to  be  used 
in  these  tests  shall  be  spherical  and  constructed  as  specified  in  paragraph 
IB7.  The  charges  shall  be  center  detonated  with  a  No.  8  blasting  cap  and  a 
150  gm  pentolite  booster.  The  test  results  shall  be  reproducible  to  within 
five  percent  for  each  level  of  contamination. 

2.  Certification  -  Part  1.  The  results  of  the  underwater  tests  will  be 
analyzed  by  NCG  to  determine  the  percentage  level  of  contamination  to  be  used 
in  subsequent  experimental  work.  The  level  of  contamination  will  be  selected 
from  Items  2  through  6.  The  following  certification  shall  be  furnished  by 

the  vendor  upon  completion  of  the  underwater  tests  detailed  in  paragraph  ID1: 

a.  Chemical  formulation  of  explosive  in  percentage  by  weight  descril' 
in  terms  of  common  chemical  names  and  not  in  terms  of  special  compan) 
nations.  This  shall  include  the  amount  and  composition  of  all  gelling  agents. 
This  information  is  required  for  equation-of-state  testing  by  NCG  and  will 
be  regarded  as  proprietary  and  classified  "For  Official  Use  Only." 


b.  The  particle  size  distribution  of  all  components  comprising  the  explo¬ 
sive.  In  addition,  the  actual  or  expected  particle  si::e  distribution  of  all 
components  after  gelling. 

c.  Measured  gelled  density  of  pure  and  contaminated  explosives,  grams 
per  cc. 

d.  Shock,  bubble,  and  total  energy  in  calories  per  gram  of  pure  explosive 
for  all  tests  listed  in  paragraph  ID1. 

3.  Testing  -  Part  2.  Following  the  selection  of  the  percentage  level  of 
contamination  by  NCG,  the  vendor  shall  manufacture  the  spherical  charges  and 
samples  to  be  used  for  equation-of-state  testing  as  detailed  in  the  Schedule. 

The  vendor  shall  conduct  the  following  tests  on  the  final  selected  item: 

a.  Cap  sensitivity  tests:  Conduct  six  (6)  tests:  three  (3)  each  with  a 
No.  6  and  a  No.  8  blasting  cap.  Each  charge  shall  be  spherical  and  constructed 
as  specified  in  paragraph  IB7.  Results  shall  be  reported  as: 

(1)  Explodes 

(2)  Ignites 

(3)  No  reaction 

b.  Minimum  booster  tests:  Performance  of  these  tests  is  contingent  on 
results  of  the  cap  sensitivity  tests  in  paragraph  ID3a.  Minimum  booster  tests 
shall  be  conducted  only  if  the  cap  sensitivity  tests  are  negative  (i.e.,  ignites 

or  no  reaction).  Two  tests  shall  be  conducted  per  booster  size.  The  explosive 
charges  to  be  used  in  these  tests  shall  be  spherical  and  constructed  as  speci¬ 
fied  in  paragraph  IB7.  Charges  will  be  center  detonated.  Results  shall  be 
reported  as  grams  of  pentolite  and  cap  size  required  to  obtain  a  reproducible 
high  order  detonations. 

4.  Certification  -  Part  2.  The  following  certification  shall  be  provided 
upon  completion  of  the  tests  specified  in  paragraph  IDS: 

a.  Cap  sensitivity  -  see  paragraph  ID3a. 
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b.  Minimum  Pentolite  Booster  -  see  paragraph  ID3b. 

c.  Measured  gelled  density  of  selected  contaminated  explosive,  grams 
per  rc. 

5.  Equation-of-state  testing.  The  vendor  agrees  to  permit  equation-of- 
state  testing  to  be  performed  on  the  explosives  specified  in  the  Schedule. 

Testing  will  be  accomplished  by  the  Lawrence  Radiation  Laboratory  or  an 
independent  organization  under  contract  to  NCG  or  to  the  Lawrence  Radiation 
Laboratory. 

6.  Shipment  of  spherical  charges  and  filled  test  assembly  containers. 

The  spherical  explosive  charges  to  be  furnished  NCG  as  specified  in  the 
Schedule  will  be  shipped  as  hemispheres.  Each  hemisphere  shall  be  suitably 
labelled  with  the  batch  number  with  a  permanent  marking.  The  exposed  surfaces 
of  the  explosive  in  hemispheres  are  to  be  covered  with  "Saran  Wrap"  or  suitable 
equivalent  to  prevent  evaporation.  Contracting  Officer's  authorized  represent¬ 
ative  will  orally  furnish  shipping  instructions.  Shipment  of  the  filled  test 
assembly  containers  shall  be  made  to  the  same  location.  Advance  notice  of  ship¬ 
ping  and  estimated  arrival  date  should  be  furnished  the  Contact  Officer. 

E.  Field  Experiments.  The  explosive  lot  No.  3  (see  the  Schedule)  is 
tentatively  scheduled  for  use  at  Fort  Peck,  Montana  in  September  or  October 
J971,  Additional  information  on  the  field  experiment  will  be  supplied  at  a 
later  date.  The  Contractor  shall  note  the  following: 

1.  Unit  price :  The  price  quoted  for  this  lot  shall  be  for  delivery  of 
the  slurry  explosive  downhole. 

2.  Emplacement:  The  slurry  may  be  delivered  to  the  job  site  either  in 
bulk  or  prepackaged.  The  slurry  shall  be  capable  of  emplacement  by  pumping 
or  tremie  into  the  charge  cavity  through  a  4 -inch  diameter  combination  fill 
and  vent  line  or  open  access  hole.  The  discharge  end  of  the  delivery  hose 

or  tremie  shall  be  kept  below  the  rising  pool  level  of  the  explosives  at  all 


times.  The  quantity  of  blasting  agent  shall  be  measured  by  count  of  the 
packaged  materials,  by  weighing  or  by  metering,  at  the  option  of  the  Contrac¬ 
tor.  The  measurement  unit  shall  be  in  pounds.  If  the  material  is  weighed  or 
metered,  the  measuring  system  shall  be  calibrated  in  the  presence  of  a  repre¬ 
sentative  of  the  Contracting  Officer.  The  tolerance  of  the  measuring  system 
shall  be  within  3  percent  of  the  value  indicated  on  the  recording  device. 

3.  Emplacement  Bulk  Density:  The  Contractor  shall  make  a  minimum  of 
one  density  measurement  per  emplacement  hole  to  determine  the  density  of  the 
blrstin"  agent  beinp  emplaced.  After  emplacement,  the  density  of  the  explosive 
shall  be  within  5  percent  of  the  average  density  as  determined  experimentally. 

F.  Additional  Information 

1.  Contact  Officer:  Captain  Richard  J.  Meisinger  shall  be  designated  as 
Contact  Officer  at  NCG. 

2.  Notice  of  Possible  Additional  Explosives  Requirements:  NCG  may  pur¬ 
chase  quantities  of  the  selected  contaminated  explosive  in  12  to  100-ton  lots 

in  the  third  and  fourth  quarters  KY  72  and  FY  73.  Procurement  of  the  possible 
additional  quantity  will  be  from  the  successful  Contractor  under  this  procure¬ 
ment. 
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Appendix  B 

Specifications  for  Test  Medium  at  Site  300  Test  Pit 


General: 

EERL  operates  an  explosive  test  facility  at  the  LL.L,  Site  300  test  facility.  The 
EERL  test  facility  is  composed  of  a  firing  bunker  and  indoor  and  outdoor  firing  tables. 
The  use  of  this  test  facility  allows  for  the  conduct  of  small-scale  testing  of  explosives 
under  controlled  conditions.  The  outdoor  table  was  used  for  the  small-scale  cratering 
tests  discussed  in  Chapter  3.  The  remainder  of  this  appendix  describes  the  test 
medium  and  its  reconditioning  during  the  Diamond  Ore  6-lb  cratering  series. 

Sand  Gradation : 

The  PCA  gravel  p:t  concrete  sand  used  at  Site  300  has  the  following  gradation: 

U.  S.  standard  Percentage  passing 

sieve  size by  weight _ 


#4 

97-100 

*8 

73-  88 

#16 

53-  68 

#30 

33-  48 

#50 

15-  25 

#100 

2-  10 

#200 

5 

Moisture  Content: 

Field  compaction  tests  completed  by  the  South  Pacific  Division  Soils  Testing  Lab¬ 
oratory  showed  that  eleven  passes  of  a  vibratory  compactor  over  a  7 -in.  lift  of  loose 
sand  with  a  moisture  content  of  6%  would  yield  a  consistent  density.  On  the  basis  of 
these  tests,  a  specification  requiring  an  average  moisture  content  of  6%  and  an  average 
dry  density  of  112.0  lb/ft^  was  initially  adopted.  However,  it  was  found  that  the  sand 
arriving  at  the  site  had  a  moisture  content  higher  than  the  6 It  that  had  been  adopted. 
Tests  were  then  conducted  with  the  moisture  content  set  at  8%.  It  was  found  that,  at  a 
moisture  content  of  8%,  after  11  passes  of  a  vibratory  compactor,  the  sand  yielded  an 
average  dry  density  of  112.0  lb/ft  .  Therefore,  because  of  the  difficulty  involved  in 
drying  the  sand  and  the  results  found  in  the  Site  300  tests,  it  was  decided  to  establish 
the  moisture  content  at  8%, 

Sand  Placement: 

After  every  shot  all  disturbed  sand  was  removed  and  new  sand  was  placed  in  the 
pit  in  7-in.  layers.  The  sand  was  then  tested  for  moisture  content  by  means  of  a 
speedy  moisture  meter.  After  the  sand  had  been  brought  to  the  acceptable  moisture 
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content,  limits  of  7.8  to  8.2%,  it  was  compacted  by  means  of  11  passes  of  a  small 
vibratory  compactor.  Wet  density  tests,  with  a  Reinhard  rubber  balloon  density  tester, 
were  then  used  to  measure  the  compaction.  The  sand  was  to  be  within  the  limits  of 
119,5-120.5  lb /ft3  wet  density.  If  the  density  was  below  standards,  the  lift  was  re  com¬ 
pacted  until  it  met  requirements. 


Appendix  C 

Multiton  Cratering  Experiments  (Phase  IIA) 


BACKGROUND  AND  PURPOSE 

As  stated  in  Chapter  2,  the  original 
planning  for  Project  Diamond  Ore  in- 
included  several  18,140-kg  (20-ton) 
chemical  explosive  detonations  at  the 
Nevada  Test  Site.  This  plan  was  signifi¬ 
cantly  altered  with  the  addition  of  the 
computational  programs  to  be  conducted 
by  Systems,  Science,  and  Software,  Inc., 
and  by  K  Division,  LLL.  One  of  the  re¬ 
quirements  of  the  calculational  programs 
was  a  detailed  definition  and  under¬ 
standing  of  the  constitutive  relationships 
of  the  medium  in  which  the  modeling 
calculations  and  detonations  were  to 
occur.  Due  to  the  large  amount  of 
equation-of-state  (EOS)  type  information 
available  for  the  Bearpaw  shale  at  Fort 
Peck,  Montana,  this  site  was  selected 
for  the  Phase  II  model  development  ex¬ 
periments.  Fort  Peck  had  been  the  loca¬ 
tion  of  the  Pre-Gondola  series  of  crater¬ 
ing  experiments  in  th '  late  1960's  and 
was  available  for  the  conduct  of  additional 
large-scale  chemical  explosive  testing. 

In  addition  to  the  existence  of  EOS  data, 
this  medium  was  ideally  suited  for  numer¬ 
ical  modeling  calculations  because  of  geo¬ 
logic  uniformity.  The  geologic  profiles 
of  this  area  typically  show  a  thin  layer  of 
topsoil  overlaying  a  weathered  clay  shale. 
The  weathering  of  the  shale  decreases 
with  depth  to  an  unweathered  shale  that 
extends  to  great  depths.  The  geographic 
location  of  Fort  Peck  and  the  test  area  is 
shown  in  Fig.  C.l. 


The  first  large-scale  experiments  at 
Fort  Peck,  Montana,  in  the  Diamond  Ore 
program  were  three  9,070-kg  (10-ton) 
detonations  (Phase  IIA)  conducted  in 
October  1971.  Two  of  the  detonations 
were  at  a  DOB  of  12.5  m  <41  ft)  with  one 
shot  unstemmed  (DOI1A-1)  and  one  shot 
stemmed  (DOIIA-2).  The  third  detonation 
had  a  DOB  of  6  m  (19.7  ft)  (DOIIA-3)  and 
was  stemmed. 

These  detonations  were  highly  instru¬ 
mented  to  provide  data  to  aid  in  code 
development  work  being  conducted  by 
l.I.L  and  Systems,  Science,  and  Softwares, 
Inc.  The  detonations  would  also  provide 
a  first  look  at  the  effects  of  stemming  in 
multiton  yields.  The  explosive  EOS  test¬ 
ing  was  not  completed  by  the  time  the 
Phase  IIA  detonations  were  conducted. 
Therefore  the  charge  designs  were  based 
on  the  energy  test  data  provided  by  the 
manufacturer  as  described  in  Chapter  3. 
The  explosive  charges  in  Phase  IIA  were 
instrumented  to  allow  for  the  determina¬ 
tion  of  explosive  EOS  data  in  multiton 
detonations  as  discussed  in  Chapter  4. 

The  two-dimensional  codes  discussed 
in  Chapter  2  had  not  been  used  to  calcu¬ 
late  cratering  detonations  with  tile  two- 
phase  EOS  found  in  the  Diamond  Ore 
slurry  explot  ives.  As  neither  chemical 
nor  nuclear  unstemmed  cratering  detona¬ 
tions  had  been  previously  conducted,  there 
existed  no  standard  by  which  to  judge  the 
validity  of  the  calculational  techniques. 
The  purpose  of  the  Phase  IIA  experiments 
was  then  to  provide  the  field  data  required 


to  aid  in  both  code  development  in  the  use 
of  a  two-Gtage  explosive  EOS  and  in  code 
verification  and  development  for  the  mod¬ 
eling  of  the  unstemmed  configuration, 
These  experiments  were  also  to  provide 
a  first  look  at  the  differences  in  effects 
from  stemmed  and  unstemmed  cratering 
detonations  at  the  multiton  yield  level. 


TEST  AREA  DESCRIPTION 

The  Diamond  Ore  Phase  T(A  site  was 
located  in  the  Duck  Creek  Inlet  area  adja¬ 
cent  to  the  Fort  Peck  Reservoir  in  Sec¬ 
tion  34,  T26N,  R39E,  Valley  County, 
Montana  (Fig,  C.l).  There  were  no  in¬ 
habited  dwellings  within  6.4  km  (4  mi)  of 
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the  test  site.  As  shown  in  Fig.  C.l,  the 
Diamond  Ore  test  area  was  about  3.2  km 
(2  mi)  northeast  of  the  Pre-Gondola  test 
site.  The  three  surface  ground  zeroes 
(SGZ),  were  located  on  the  edge  of  a  broad, 
flat  valley.  This  area  was  selected  after 
extensive  seismic  refraction  surveys 
were  conducted.  The  relatively  flat  val¬ 
ley  floor  was  needed  for  fallout  collection 
activities  planned  for  future  testing.  The 
test  site  contained  sparse  vegetation  that 
supported  only  limited  cattle  grazing 
which  is  managed  by  the  Department  of 
Interior,  Bureau  of  Land  Management. 

The  test  site  lies  on  land  controlled  by 
the  Corps  of  Engineers,  but  also  falls 
within  the  Charles  M.  Russell  Wildlife 
Refuge.  This  refuge  is  administered  by 
the  Department  of  Interior,  Bureau  of 
Sport  Fisheries  and  Wildlife.  The  Fort 
Peck  site  is  located  in  the  Bear^aw  shale, 
a  highly  compacted,  uncementeo  clay 
shale  ot  the  Cretaceous  Age.  Where  the 
I'.earpaw  shale  outcrops,  it  forms  either 
badlands  or  a  terrain  with  moderately 
steep  to  gentle  slopes.  The  shale  at  the 
Diamond  Ore  site  is  uniform,  dark  grey, 
highly  compacted  and  uncemented.  It 
contains  infrequent  calcareous  and  iron- 
manganese  concretions  up  to  several  feet 
in  diameter,  and  wa> y,  light-grey-to- 
yellow  bentonite  layers  up  to  several 
inches  thick.  Several  joint  sets  with 
inconsistent  orientation  occur  at  spacings 
at  0.15  to  0.91  m  (0.5  to  3  ft),  and  numer¬ 
ous  hairline  cracks  are  visible  between 
the  major  joints.  The  shale  is  weathered 
to  depths  of  3  to  9  m  (10  to  30  ft).  The 
effects  of  weathering  include  increased 
fracture  frequency  and  opening  of  joints. 
The  surface  layers  of  the  weathered 
shale  are  highly  fragmented.  Alternate 


wetting  and  drying  cycles  have  produced 
a  further  breakdown  of  the  surface  shale 
particles  to  form  a  fat  clay. 

The  layering  determined  by  preshot 
seismic  refraction  surveys  of  each  SGZ 
is  shown  in  F  ig.  C.2.  Cores  were  drilled 
at  each  SGZ  to  a  depth  of  15.2  m  (50  ft). 
Core  logs  and  the  results  of  laboratory 
testing  of  these  core  sampies  are  shown 
for  each  SGZ  in  Figs.  C.3,  C.4,  and  C.5. 
The  eouation-of-state  of  this  medium  is 
documented  in  Ref.  5  and  will  be  used  in 
the  oesign  for  the  next  test  series. 

EXPERIMENT  DESIGN 

As  previously  stated,  the  Phase  1 1 A 
experiments  preceded  the  c.alrulational 
efforts  by  Systems,  Science,  and  Software, 
Inc.,  and  I.LL  to  aid  in  actual  code  devel¬ 
opment.  The  only  explosive  data  avail¬ 
able  for  design  of  the  experiments  were 
the  explosive  energy  data  from  the  manu¬ 
facturer's  performance  testing  described 
in  Chapter  3.  It  was  desirable  to  have 
the  explosive  charge  as  close  to  the  final 
modeling  charge  yields  as  possible.  It 
was  also  desirable  to  have  all  three  explo¬ 
sive  charges  identical  to  demonstrate  the 
effects  of  varying  the  type  of  stemming 
and  DOB.  Based  on  'he  initial  studies 
described  in  Chapter  2,  a  67.2  X  10^  ,T 
(16-ton)  TNT- equivalent  explosive  energy 
yield  was  selected.  This  yield  was  based 
on  the  expelled  loss  of  about  n07i  84 

9 

X  10  J  (20-ton)  nuclear  explosive  energy 
2 

in  cavity  vaporization.  This  TNT  energy 
requirement  converts  to  a  Diamond  Ore 


Recent  calculations  by  K  Division, 
LLL,  indicate  tnat  a  more  realistic  yield 
for  the  stemmed  case  is  42  X  1C®  J 
( 10  tons). 
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Fig.  C.2.  Seismic  refraction  survey  results  for  DOHA  surface  ground  zeroes 
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right.  UCS=Unconfined  Compressive  Strength  in  kg/cm  and  tons  /ft  ;  y  ,  =  dry  density  in 

3  3  H 

g/cm  and  Ib/ft  ;  Sat=Saturation  in  percent. 


Fig.  C,3.  Drilling  log  and  laboratory  test  data  for  DOIIA-1. 


slurry  explosive  charge  weight  of  9,070- 
kg  (10  tons)  for  the  pure  explosive. 

The  explosive  charges  were  placed  in 
mined,  spherical  cavities  having  a  diameter 
of  2.3  m  (7.6  ft).  In  an  attempt  to  maintain 
explosive  continuity  throughout  Diamond 
Ore  experiments,  the  explosive  was  later 
changed  to  include  the  1 0%  sand  contamin¬ 


ation.  The  sand  added  to  the  explosive  was 
not  coated  with  the  iridium  trace  element 
because  no  tracer  program  was  tobe  con¬ 
ducted  in  multiton  detonations  untilthe  final 
modeling  detonations.  The  addition  of  the 
10%  sand  reduced  the  effective  energyyield 
for  each  9,070-kg  (10-ton)  slurry  charge 
to  about  58.  3  X  109  J  (14  tons)  of  TNT. 
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Fig.  C.4.  Drilling  log  and  laboratory  test  data  for  DOlIA-2. 


The  stemming  in  the  12.5  m  (41 -ft) 

DOB  arid  6-m  09.7  ft)  DOB  detonations 
was  done  with  a  media  matching  grout 
designed  for  use  in  the  Pre-Gondola  ex¬ 
periments  by  the  Concrete  Daboratcry  of 
the  Waterways  Kxperiment  Station.  Sum¬ 
ming  for  the  12.5-m  IX3B  detonation  was 
keyed  into  the  surrounding  medium  in 


much  the  same  manner  as  the  Pre- 
Gondola  and  previous  NTS  nuclpar  detona¬ 
tion-;  had  been  (see  Fig.  0.6).  Because 
of  its  shallower  DOB,  the  6-m  detonation 
war  not  keyed.  The  12.5-m  DOB  u n - 
stemmed  detonation  was  to  have  the  full 
0.91  m  (3  ft)  diameter  access  hole  left 
open  (air-stemmed  or  unstemmed). 
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Fig.  C.5.  Drilling  log  and  laboratory  test  data  for  DOIIA-3. 


INSTRUMENTATION  PLAN 

Close-in  measurements  were  planned 
to  provide  the  required  data  for  code 
development  and  verification  and  to  deter¬ 
mine  the  detonation  history  of  the  explo¬ 
sive.  Other  measurements  and  technical 
programs  were  directed  toward  making  a 


comparison  of  the  effects  that  the  differ¬ 
ent  types  of  stemming  and  different  IX5B1 
would  have  on  the  resulting  craters  and 
collateral  effects. 

The  requirements  for  the  close-in 
code  verification  measurements  were 
developed  by  LLL  and  Systems,  Science, 
and  Software,  Inc.  These  stress  and 
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DOHA-1  DOItA-2  DOHA-3 
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Fig.  C.6.  DOHA  stemming  configurations. 


velocity  measurements  were  taken  within 
and  adjacent  to  the  predicted  crater  dur¬ 
ing  crater  formation.  The  resulting 
stress  and  velocity  levels  could  then  be 


compared  directly  with  those  predicted 
by  a  calculation  of  the  same  detonation. 
Figures  C.7,  C.8,  and  C.9  show  the  lin¬ 
ear  array  of  close-in  instrumentation 
used  for  each  Phase  ItA  detonation. 
Close-in  subsurface  instrumentation  was 
not  conducted  on  the  6-rn  (19.7-ft)  DOB 
detonation  because  this  same  data  would 
be  available  from  the  12-m  (39.3- ft)  DOB 
stemmed  detonation  at  very  early  times 
prio.  to  the  occurrence  of  free  surface 
effects.  The  Explosives  Instrumentation 
Program  is  discussed  in  Chapter  4.  All 
close-in  instrumentation  was  conducted 
by  LLL. 

The  comparative  effectb  measurement 
programs  included  high-speed  photog¬ 
raphy  of  each  detonation,  airblast  meas- 
ments,  ground  shock  measurements,  and 
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Fig.  C.7.  CloBe-in  instrumentation  for  DOtIA-1. 
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Fig.  C.8.  Close-in  instrumentation  for  DOIIA-2. 
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Fig.  C.9.  Close-in  instrumentation  for  DOIIA-3. 


preshot  and  postshot  aerial  mapping  of  preliminary  crater  dimensions  and  to 

the  craters.  Conventional  ground  survey  assist  in  obtaining  data  on  missile  ranges 

techniques  were  also  used  to  determine  and  distributions.  Postshot  investigations 


™v 


to  determi.  ejecta  distribution  were  con¬ 
ducted  utilizing  the  NCG  point-count  tech¬ 
nique  described  in  Ref.  17.  These  com¬ 
parative  effects  programs  were  conducted 
with  EERL  in-house  capabilities;  the  sur¬ 
vey  and  topographical  mapping  support 
was  provided  by  the  Omaha  District  Engi¬ 
neer  and  Fort  Peck  Area  Engineer. 

FIELD  LAYOUT  AND 
CONSTRUCTION 

Figure  C.10  is  ^  topographic  map 
showing  the  general  site  layout  for  the 
Phase  UA  expei  intents.  The  LLL  Re¬ 
cording  Trailer  Park  (RTP)  No.  1  was 
used  for  the  DOIIA-1  and  DOHA- 2  detona- 
t  ons  and  the  RTP  No.  2  was  used  for  the 
DOIIA-3  detonation.  The  Control  Point 
(CP)  and  camera  station  remained  in  the 
same  location  for  all  three  detonations. 
Cables  were  run  directly  from  the  FTP's 
to  each  SGZ. 

2  2 

An  area  122  m  (400  f*  )  was  cleared 
of  vegetation  around  each  SGZ.  Explosive 
cavities  were  mined  from  access  shafts 
that  were  drilled  at  a  diameter  of  1.07  m 
(3.5  ft)  for  the  first  2.13  m  (7  ft)  and  then 
at  0.91  m  (3  ft)  for  the  remaining  required 
deptii.  Corrugated  metal  pipe  (CMP) 

1.07  m  (3,5  ft'  in  diameter  was  installed 
in  the  first  2.13  m  (7  ft)  of  the  access  hole. 
A  0.91 -m  (3  ft)  diameter  CMP  was  then 
hung  in  the  remaining  depth  of  the  access 
hole  for  safety  purposes  during  m:"ing 
and  instrumentation  emplacement 
activities.  This  0.91-m  (3 - ft)-diameter 
CMP  was  removed  after  all  activif  s  were 
completed  in  the  explosive  cavity  except 
explosive  emplacement.  After  mining, 
the  explosive  cavities  were  brought  to 
required  tolerances  with  Shotcretc.  Cav¬ 
ity  radii  were  measured  with  conventional 


survey  techniques.  The  cavity  volumes 
for  all  three  shots  were  calculated  with 
the  surveyed  cavity  radii.  After  loading, 
explosive  volumes  were  corrected  for 
incomplete  filling  of  the  cavity.  The 
resulting  explosive  volumes  were  in 
agreement  with  the  volume  calculated 
from  the  suppliers  pumping  data  (assum¬ 
ing  a  specific  gravity  of  1.56).  The 
yields  wert  tne.i  determined  using  a  spe¬ 
cific  gravity  of  1.56  and  a  specific  energy 
release  of  5,926  J/g.  The  results  are 
shown  in  Table  C.l. 

The  explosive  was  delivered  to  the 
site  by  Dow  Chemical  Company  in  tank 
trucks.  The  slurry  was  transferred  from 
the  tank  trucks  to  a  pump  truck  and  then 
pumped  into  each  cavity.  A  metering 
device  on  the  pump  truck  was  used  to 
measure  the  amount  pumped  into  each 
cavity.  Liquid  ammonia  used  to  acceler¬ 
ate  gelling  was  added  on  the  cu*let  side  of 
the  pump  through  a  tube  located  in  the 
center  of  the  outlet  line. 

Instrumentation  holes  were  drilled  at 
the  locations  shown  previously  in  Fig.  C.7, 
C.8,  and  C.9  Instrumentation  packages 
were  mounted  on  plastic  pipe  and  aligned 
in  each  instrument  hole.  The  instrument 
holes  were  then  grouted  with  an  LLL 
instrumentation  grout  commonly  used  at 
NTS  and  previously  used  for  Pre-Gondola 
at  Fort  Peck.  Surface  motion  instru¬ 
ments  were  placed  in  formed  holes,  which 
were  then  filled  with  the  same  instrumen¬ 
tation  grout.  The  surface  of  these  grout 
pads  were  then  color-coded  for  postshot 
identification.  All  rate  sticks  and  the 
boosters  were  emplaced  prior  to  the  fill¬ 
ing  of  the  cavity  with  explosive.  Cables 
from  each  rate  stick  were  placed  against 
the  cavity  wall  to  insure  that  they  were 
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Fig.  C.10.  Surface  Ground  Zero  (SGZ),  Control  Point  (CP),  and  Recording  Trailer 
Park  (RTP)  locations. 


not  destroyed  by  the  detonation  before  the 
pin  closurf  signals  were  transmitted. 

The  access  holes  for  the  DOHA-2  and 
DOllA-3  detonations  were  stemmed  in 
successive  layers  after  each  cavity  had 


been  loaded  with  explosives.  The  1.22-m 
(4  ft)  diameter  portion  of  the  Diamond  Ore 
IIA-1  access  hole  was  stemmed  to  0.91  m 
(3  ft)  with  the  same  Shotcrete  used  to 
shape  the  explosive  cavities  (see  Fig.  C-6). 


A 
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Table  C,i,  Explosive  yield  determinations. 


Dimension 

noriA-i 

DOIIA-2 

DOHA -3 

Survey  volume 
<mT)  (ft3) 

6.1V  ±  0.6 

210  ±  21 

5.72  ±  0.54 

202  1  19 

6.14  ±  0.74 

217  ±  26 

Survey  radius 
(m )  (ft) 

1.14  1  0.36 

(3.73  ±  1.2) 

1.11  ±  3.35 

(3.63  ±  11) 

1.14  ±  4.57 

(3.73  i  15) 

Explosive  volume 
(m3>  (ft3) 

6.00  ±  0.6 

215  i  21 

5.69  i  0.54 

201  ±  19 

5.27  ±  0.74 

186  ±  26 

Volume  pumped 
"  (m3)  (ft3) 

6.01 

208. G 

5.91 

208.6 

5.79 

204,4 

Yield'1 
(J)  (tons) 

5G.2C  A  io9 
*5.46  X  109 

13.4  ±  1.3 

52.5  X  1099 
i  5.04  X  10 

12.5  ±  1.2 

48.72  X  :  09 
±6.72  X  109 

11.6  ±  1.6 

al  -  ton  yield  =■  10°  cal  *  4.2  X  10  9  pules. 


CHARGE  DETONATION  with  each  detonation.  The  results  of  the 

explosive  instrumentation  are  discussed 
Each  charge  was  fired  from  a  standard  in  Chapter  4. 

LLL  timing  and  firing  system  located  at 

the  CP.  Each  charge  was  initiated  by  an  HIGH-SPEED  PHOTOGRAPHY 

SE-1  detonator  and  a  4.54-kg  (10-lb) 

cylindrical  C-4  booster,  which  contained  Two  high-speed  cameras  were  used  to 

two  SE-1  detonators  with  only  one  being  photograph  each  detonation  at  frame  rates 

fired  at  zero  time.  Zero  time  signals  of  50  and  1,000  ft/eec.  FiguresC.il, 

were  sent  to  the  DLL  instrumentation  C.12,  and  C.13  are  detonation  sequences 

trailer  and  the  airblast  recording  stations.  for  each  experiment.  Studies  of  these 
A  flashbulb  was  also  fired  near  each  SGZ  films  have  produced  the  following  data: 
at  zero  time.  The  high-speed  photography  the  unstemmed  DOllA-1  detonation  vented 

cameras  were  started  automatically  by  within  the  first  millisecond.  The  explo- 

the  timing  and  firing  system  at  2  sec  sive  gas  venting  and  the  glow  from  the 

before  zero  time.  The  detonation  sched-  zero  time  flashbulb  appeared  in  the  same 

ule  was  as  follows:  frame.  The  venting  appears  to  have  been 

DOIIA-1  1000.00  hr  MDT  19  October  71  interrupted  by  a  possible  closure  of  the 

DOHA- 2  1200.00  hr  MDT  22  October  71  access  hole  at  about  90  msec.  This 

DOHA- 3  1000.00  hr  MDT  29  October  71  closure  phenomenon  was  also  witnessed 

in  the  907 -kg  (1-ton)  partially  stem- 
initial  observations  of  each  detonation  med  detonation  (M-16)  in  the  Middle 

7 

indicated  that  the  explosive  had  performed  Course  II  experiments.  Venting 
as  expected  except  for  the  appearance  of  occurred  In  the  DOHA- 2  detonation  at 

hot  spots  or  large  glowing  or  burning  about  130  msec  and  at  about  29  msec  In 

orange  masses  in  the  cloud  and  ejecta  the  DOHA- 3  detonation.  Venting  at  these 

during  each  detonation.  The  number  of  late  times  is  not  expected  to  have  any 

observed  iridescent  masses  increased  significant  effect  on  overall  crater  sizes. 
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Fig.  6.13.  Detonation  sequence  for 
DOIIA-3. 

The  hot  spots  or  burning  orange  masses 
that  appeared  in  the  detonation  cloud 
were  observed  on  the  photography.  They 


are  believed  to  have  been  masses  of 
burning  explosive.  They  appeared  in 
the  time  frames  as  follows:  DOIIA-1, 

1,9  to  3.6  sec;  DOIIA-2,  4.0  to  8.5  sec, 
and  DOIIA-3,  0.4  to  7.9  sec.  Discus¬ 
sions  with  Dow  representatives  on  the 
site  indicated  that  these  iridescent  ob¬ 
jects  are  common  in  the  detonation  of 
large  quantities  of  slurry  explosive.  Pho¬ 
tographic  reference  targets  were  placed 
23  m  (75  ft)  apart  at  6  1  m  (200  ft)  in  front 
of  each  SGZ.  These  reference  targets 
provided  a  scale  upon  which  to  make 
mound  growth  and  venting  velocity  meas¬ 
urements.  No  correction  has  been  made 
for  the  parallax  caused  by  this  configura¬ 
tion  but  it  is  less  than  4?o.  The  vertical 
velocities  measured  in  this  manner  are 
as  listed  in  Table  C.2.  The  very  high 
vent  velocity  in  the  DOIIA-1  detonation  is 
attributed  to  the  unstemmed  emplacement 
hole.  The  oifferenees  in  the  vent  veloci¬ 
ties  in  the  two  stemmed  cases  are  attrib¬ 
uted  to  the  earlier  venting  (29  msec  for 
IXDIIA-3  vs  130  n  sec  for  DOIIA-2)  of  the 
DOIIA-3  detonation  when  the  cavity  gas 
pressure  was  higher.  This  earlier  vent 
in  turn  is  attributed  primarily  to  the  shal¬ 
lower  DOB  but  also  may  have  been  caused 
by  the  lack  of  a  stemming  key  and/or  the 
faster  detonation  velocity  in  the  DOIIA-3 


Table  C.2,  Velocity  data  from  high-speed 
photography. 


Vent 

Mound 

Event 

velocity 

velocity 

DOIIA-1  (m/sec) 

1,500 

60 

(ft /sec) 

5,000 

-200 

DOFIA-2  (m/sec) 

180 

50 

(ft/sec) 

600 

160 

DOIIA-2  (m/sec) 
(ft/sec) 

4  50 

180 

1,500 

600 

experiment.  The  Initial  mound  growth 
velocities  are  determined  by  the  spalling 
effect  of  the  shock  front  as  it  is  reflected 
at  the  ground  surface.  The  closeness  of 
the  values  for  the  mound  velocities  in  the 
two  12.5-m  (4 1  -  ft )  DOB  cases  (DOIIA-1 
and  DOIIA-2)  indicates  similar  shock 
front  phenomena  even  though  stemming 
conditions  differed.  The  small  differ¬ 
ences  in  these  mound  velocities  may  have 
been  caused  by  the  differences  in  energy 
release  time  of  the  two  detonations.  The 
higher  mound  velocity  in  the  shallower 
6-m  (19.7 -ft)  detonation  (DOIIA-3)  is  attrib¬ 
uted  to  the  higher  energy  and  particle 
velocities  found  in  the  shock  wave  when  it 
reaches  the  surface.  These  higher  levels 
are  attributed  to  the  shorter  distance  over 
which  the  shock  wave  ha3  traveled  in 
reaching  the  ground  surface. 

CRATER  DIMENSIONS 

Crater  dimensions  were  initially  ob¬ 
tained  from  conventional  ground  surveys 
conducted  before  and  after  each  detona¬ 
tion.  Two  orthogonal  profiles  were  sur¬ 
veyed  at  each  SGZ,  These  dimensions 
have  been  replaced  by  those  obtained 
from  preshot  and  postshot  aerial  photog¬ 
raphy  taken  at  each  SGZ.  Topographic 
maps  were  produced  with  standard  photo- 
grammetric  techniques  and  then  contour 
maps  (isopachs)  showing  elevation 
charges  between  preshot  and  postshot 
ground  surfaces  were  drawn.  Orthogonal 
profiles  were  then  obtained  from  these 
isopachs  for  each  crater.  These  results 
are  shown  in  Figs.  C.14,  C.15,  and  C.16 
for  the  DOIIA-1  shot;  in  Figs.  C.17,  C.1P, 
and  C.19  for  the  DOIIA-2  shot;  and 
Figs.  C.20,  C.21,  and  C.22  for  the 


DOU/i-3  sh«_i.  The  crater  measurements 
obtained  from  these  maps  are  listed  in 
Table  C.3.  The  apparent  crater  radii, 

R^,  were  obtained  from  the  planimetry 
of  the  area  of  the  zero  contours  in 
Figs.  C.15,  C.18,  and  C, 21.  The  appar¬ 
ent  crater  depths  represent  the  maximum 
negative  elevations  Bhown  on  the  isopachs. 
The  apparent  height  of  the  crater  lip,  H  |, 
is  the  average  lip  height  taken  again  from 
the  isopachs.  The  radius  of  the  apparent 
crater  lip,  Raj,  was  calculated  from  the 
planimetered  area  contained  within  the 
maximum  positive  elevations  in  each 
crater  lip.  The  apparent  crater  volumes, 
V  ,  are  calculated  from  the  planimetered 
area  of  each  1,52-m  ( 5 -ft)  contour.  The 
radii  of  the  continuous  ejecta,  Rec.  were 
calculated  from  the  planimetered  area  of 
the  continuous  ejecta  as  shown  on  the 
postshot  aerial  photographs  of  each  SGZ. 
The  limits  of  the  continuous  ejecta  were 
marked  on  the  ground  after  each  detona¬ 
tion  so  as  to  be  visible  on  the  aerial  pho¬ 
tography.  These  limits  are  readily 
apparent  in  Figs.  C.23,  C.24,  and  C.25. 
The  maximum  missile  ranges  were 
obtained  from  field  survey  data. 

While  it  is  realized  that  comparison  of 
the  crater  characteristics  produced  by 
the  detonations  must  be  made  with  caution 
due  tc  the  behavior  of  the  slurry  explo¬ 
sives  previously  discussed,  certain  fea¬ 
tures  are  worthy  of  note.  The  two 
12.5-m  DOB  detonations  (DOIIA-1,  2) 
produced  significantly  different  craters. 
Previous  calculations  and  studies  had 
indicated  that  about  a  10%  degradation  in 
crater  size  was  to  be  expected  in  an  un¬ 
stemmed  detonation.  Although  the  appar¬ 
ent  depths  and  radii  are  very  close  to 
each  other,  the  unstemmed  detonation 
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Fig.  C.14.  DOIIA-1  postshot  topographic  map. 


excavated  a  significantly  larger  volume 
of  material,  19.4%  more.  This  volume 
difference  results  from  a  difference  in 
the  shape  of  the  two  craters.  The  un¬ 


stemmed  crater  has  a  more  rounded,  less 
steep  profile  resulting  in  a  larger  volume 
(see  Figs.  C.  16  and  C.19)  This  bowl  shape 
in  the  unstemmed  crater  is  attributed 


Fig,  C.15.  DOllA-l  isopach. 


to  the  horizontal  pressure  effects  of 
the  gases  escaping  up  the  access  hole.  A 
portion  of  the  difference  in  volume  in  the 
two  craters  may  also  be  attributed  to  a 
bench  located  in  the  northeast  wall  of  the 
DOllA-2  crater  (Fig.  C.18).  This  anom¬ 
aly  would  cause  a  reduction  in  the  crater 
volume.  The  difference  in  crater  size 
may  also  have  been  caused  by  the  differ¬ 


ences  in  the  time  release  of  explosive 
energy  of  the  two  detonations;  the  smaller 
DOIIA-2  crater  being  produced  by  the 
slower  detonation.  This  volume  differ¬ 
ence  in  the  DOHA-1  and  DOIIA-2  craters 
is  not  significant,  however,  in  a  compar¬ 
ison  with  the  1XDI1A-3  crater.  This 
crater,  from  a  charge  detonated  at  a 
DOB  of  b  m(10.7  It),  is  significantly 


> 
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Table  C.3.  Diamond  Ore  IIA  crater  measurements. 


Dimensions 

DOIIA- 

(m) 

1 

(ft) 

DOHA-2 
(m)  (ft) 

DOHA 

(in) 

-3 

(ft) 

DOF. 

12.5 

41 

12.5 

4  1 

6 

1  9.7 

Apparent  radius,  R 

20. 6 

67.6 

10.84 

65.  1 

19 

62.0 

Apparent  depth,  D 

7.3 

24.0 

7.01 

23.0 

9.4  5 

.31.0 

Lip  height,  H^a 

3.4 

lt.O 

3.81 

12.5 

2.3 

7 . 5 

Lip  crest  radius,  R  ^ 
Apparent  volume,  V 

2  5.8 

84.7 

25.02 

82. 1 

22,7  1 

74.6 

4,350b  5. 

6»0C 

3,640b 

4,700'"' 

4,400*’  0 

,7  tt0l 

Radius  of  the  continuous 

ejecta,  R  a 
j  •  ec 

Continuous  ejecta,  R  — 
maximum 

81 

267 

84 

27  5 

Pi) 

293 

116 

382 

98 

322 

105 

344 

minimum 

4  6 

152 

63 

208 

55 

182 

Lip  height,  — 

maximum 

4.0 

13 

4.3 

14 

'2.  7 

u 

mini  mu  m 

2.4 

8 

3.3 

1 1 

1.8 

0 

Maximum  missile  range 

317  1, 

,040 

33  8 

1,110 

665  2 

,180 

aThese  values  are  averages. 
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Fig.  C.16,  DOIIA-1  crater  profiles. 

larger  than  the  crater  from  ’lie  stemmed 
detonation  at  12.5-m  (4  1 -ft)  DOB,  which 
had  been  considered  near  optimum.  Its 
apparent  radius  is  about  8%  smaller  than 


cither  of  the  other  craters,  while  its 
depth  is  almost  307"  greater.  This  signifi¬ 
cant  difference  in  depth  in  the  DOHA  3 
crater  is  reflected  in  an  apparent  crater 
volume  that  is  217.  greater  than  the 
DOHA- 2  crater  volume.  This  explosive 
charge  detonated  slower  than  the  DOlHA-1 
charge,  yet  faster  than  the  DOlIA-2  charge. 
A  possible  explanation  for  this  deeper  cra¬ 
ter  and  larger  excavated  volume  lies  in 
the  geologic  profile  of  the  DOIIA-3  SGZ  as 
shown  in  Fig.  C.5.  This  detonation 
occurred  completely  within  the  unweath¬ 
ered  shale  that  was  ignificnntly  weaker 
than  the  shale  at  and  immediately  above 
the  other  two  detonations.  Also  of  signifi 
cance  is  the  difference  in  maximum  mis 
sile  range.  The  shallower  DOIIA-3  deto¬ 
nation  produced  a  maximum  range  of  about 
double  that  of  the  other  two  detonations. 


05 


Fig.  C.17.  DOIlA-2  postshot  topographic  map. 


This  larger  range  was  expected  as  the  the  detonation.  Figure  C.26  is  the  crater- 

shallower  detonation  produces  higher  sur-  ing  curve  developed  from  the  Pre-Gondola 

face  velocities  with  relatively  hif»)>  r  experiments  at  Fort.  Peck.1®  Each  of  the 

horizontal  velocity  component.  The  four  Pre-Gondola  detonations  had  a  yield 

major  portion  of  the  missiles  come  from  of  about  84  X  109  J  (20  tons).  The  three 

the  surface  and  near-surface  area  above  DO  Phase  IIA  detonations  are  plotted  for 
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Fig.  C.18,  DOILA-2  isopach. 
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comparison  purposes  with  an  assumed 
yield  of  58.8  X  10S  J  (14  tons). 

CLOSE-IN  INSTRUMENTATION 
RESULTS 

As  stated  previously,  the  close-in 
instrumentation  program  for  the  three 


Fig.  C.19.  DOILA-2  crater  profiles. 


Fig,  C.20.  DOILA-3  postshot  topographic  map. 


Phase  IIA  detonations  was  the  responsi¬ 
bility  of  LLL.  ThiB  section  presents  the 
results  of  this  program.  Detailed  infor¬ 
mation  as  to  the  type  of  gage,  electrical 
circuitry,  and  recording  equipment  em¬ 
ployed  and  the  wave  forms  recorded  are 
contained  in  Ref.  8.  Figures  C.7,  C.8, 


and  C.  9  show  the  location  and  type  of  meas¬ 
urements  attempted  on  each  detonation. 

Time  of  Shock  Arrival 
Measurements  {TOAT 

Ir,  the  DO  Phase  IIA  experiments, 
arrival  times  of  the  shock  wave  were 


measured  principally  in  four  regions: 

(1)  within  the  aluminized  ammonium  ni¬ 
trate  slurry  explosive  to  measure  detona¬ 
tion  velocity  and  to  evaluate  the  explosive 
performance,  (2)  along  the  shot  horizon 
at  instrument  holes  A,  B,  and  C  to  pro¬ 
vide  verification  of  the  constitutive  rela¬ 
tions  used  in  one- dimensional  studies 
with  the  SOC  code,  (3)  along  the  ground 
surface  to  be  used  as  a  means  of  relating 
the  SOC  calculations  to  the  observed  sur¬ 
face  motion,  and  (4)  within  and  adjacent 
to  the  emplacement  hole  of  the  12.  5-m 
(41-ft)  unstemmed  shot  to  measure  the 
shock  velocity.  Although  most  of  the 
TOA  data  was  a  byproduct  of  instrumentation 
designed  to  provide  stress,  velocity,  or 
acceleration  time  histories,  rate  sticks 
within  the  explosive  and  slifers  within  the 
open  and  grot  ted  emplacement  holes  were 
designed  to  provide  only  arrival  time  data. 
The  detonation  velocity  measurements 
made  within  the  explosive  have  been  dis¬ 
cussed  in  a  previous  section.  Table  C.  4 


lists  the  shock  and  seismic  velocities 
calculated  using  the  TOA  data  from  the 
various  sources. 

Shot  Horizon  TOA 

Measurements 

The  arrival  times  recorded  by  the  shot 

level  stress,  velocity,  and  acceleration 

gages  in  instrument  holes  A,  B,  and  C 

for  the  stemmed  and  unstemmed  12, 5-m 

(41-ft)  events  are  given  in  Table  C.5  and 

plotted  in  Fig.  C.27.  No  shot-level 

measurements  were  made  on  the  stemmed 

6-m  (19.7- ft)  event.  The  observed  shock 

velocities  of  2.00  m/msec  (see  Table  C. 4) 

agree  closely  with  those  observed  in  the 

1 8 

Pre-Gondola  I  experiments  but  are  con¬ 
siderably  higher  than  suggested  by  the 
prechot  seismic  refraction  surveys 
(Fig.  C.2).  The  Bearpaw  clay  shale  con¬ 
stitutive  relations  developed  from  the 
Pre-Gondola  data0  give  rise  to  a  calcu¬ 
lated  shock  velocity  of  1.96  m/msec  when 
used  in  the  SOC  code. 


Table  C.4.  Summary  of  shock  velocity  measurements. 


Gage 

location 

DOHA  - 1 

Unstemn  eo  —  3  2 

.5  m 

DOHA-2 
Stemmed —  1 2. 5 

m 

non  a -3 

Stemmed  —  6  m 

Source 

Veirciiy 
(m  /  m6ec) 

Remarks 

Source 

Velocity 
(m  /msec) 

Remarks 

Source 

Velocity 

(m/msec) 

Remarks 

At  8 hot 

A,  B,  C 

2.00  i  0.0-1 

_ 

A,  B,  C 

2.00  ±  0.05 

_ 

level  in 
Bearpaw 

Seismic 

1.5 

Prcehnt 

Seismic 

1.8 

Preshot 

Seismic 

1.1 

Preshot 

shale 

HS 

1.8 

Long 

HS 

1.6 

Long 

HS 

1.7 

Long 

range 

range 

range 

Surface 

s 

0,77  ±  0.05 

— 

s 

1.07  t  0.09 

— 

S 

0.6')  t  0.07 

— 

Seismic 

0.82 

Preshot 

Seismic 

0.91 

Preshot 

Seismic 

0.61 

Preshol 

average 

average 

average 

Ernplace- 

Slifer 

3.4 

Air 

sure. 

1.7 

Grout 

Shfer 

1.8 

Grout 

rnent  hole 

I 

~3  4  ±0.1 

— 

— 

— 

— 

— 

— 

— 

Air  shock 

HS 

0.77 

Near 

_ 

__ 

_ 

HS 

0.36 

Near 

SGZ 

SGZ 

HS 

.0.33 

Long 

— 

— 

— 

HS 

0.3-1 

Long 

range 

range 

aNotatirn: 

RS  ■  rate 

stick;  HS  = 

high-speed  photography;  A.D.C  s  instrument 

hole  gages 

(flee  Pigs.  C.7 

and  C.8); 

I  ernplaren-  nt  hole  gages;  S  *  surface  gages. 
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Table  C.5. 


Recorded  arrival  times. 


8 


Gage 

location 

DOHA-1 

Unatemmed — 12,5  m 

DOHA-2 

Stemmed  — 12.5  m 

DOHA-3 
Stemmed  —  6  m 

Station 

Dis¬ 

tance 

(m) 

Gagra 

TOA 

(m/aec) 

Station 

THe- 

tance 

(m) 

Gagea 

TOA 

(m/sec) 

Station 

Di  b  - 

tanrp 
t  -.) 

G»gta 

TOA 

(m/aec) 

Shot  level 

A4Q 

4.51 

AC-R 

1.64 

A40 

4,05 

AC-R 

1.88 

_ 

. 

_ 

_ 

ST-R 

1.58 

ST-R 

1.48 

A20 

7.59 

ST-R 

3.32 

A20 

7.3  l 

ST-R 

3.55 

— 

— 

— 

B40 

15.15 

VE-R 

— 

B40 

14.72 

AC-T 

7.01 

— 

— . 

— 

— 

VE-T 

7.47 

VE-R 

7.7  1 

ST-R 

6.95 

ST-R 

6.86 

ST-T 

7.09 

ST-T 

7.05 

C40 

30.39 

ACT 

— 

C40 

29.96 

AC-T 

11.64 

— 

— 

— 

— 

VE-R 

14.5 

VE-R 

— 

STR-R 

— 

Surface 

SOS 

12.59 

AC-V 

8.34 

SOS 

12.62 

AC-V 

9.32 

S05 

6.22 

AC-V 

3.25 

S25 

14.60 

VE-V 

12.5 

S25 

VE-V 

— 

S20 

9.69 

AC-V 

5.56 

S50 

18,75 

VE-V 

18 

S50 

18.4  1 

VE-V 

— 

S40 

14.97 

VE-V 

— 

AC-HR 

)  8.07 

AC-HR 

16.53 

VE-HR 

— 

S80 

27.34 

AC-V 

27.1 

S80 

26.97 

AC-V 

22.96 

S65 

90.66 

AC-V 

22.47 

AC-HR 

28,9 

AC-HR 

23.07 

AC-HR 

25.73 

Emplace- 

ment  hole 

140 

1.1 

P 

0.74 

140 

— 

P 

— 

140 

— 

P 

— 

118 

7.01 

ST-R 

l.tfl 

112 

8.84 

ST-R 

2.43 

107 

10.36 

ST-R 

2.86 

108 

1 1,58 

ST-R 

3.28 

Hole  D 

Dlb 

6.86 

ST-V 

2.95 

ST- HR 

2.95 

1708 

11.36 

ST-V 

10.0 

ST- HR 

6.4 

aNotatlon:  AC  ■  accelerometer;  HR  «  horizontal  radial;  VE  «  velocity  gage;  ST  *  stress  gage;  STR  «  strain  gage; 
P  c  pressure;  V  «  vertical,  R  =  radial;  T  ®  tangential. 


Surface  TOA  Measurements 
The  observed  surface  arrival  times 
for  the  three  events  are  recorded  in 
Table  C.5  and  plotted  in  Fig.  C.27.  The 
noncoincidence  of  the  surface  arrival 
time  curves  for  the  shots  indicates  a  sub¬ 
stantial  difference  in  the  constitutive 
properties  of  the  upper  geologic  layers  of 
each  shot  point.  This  is  supported  by  the 
preshot  boring  logs  and  seismic  refrac¬ 
tion  surveys  (Figs.  C.2  through  C.5), 

Some  refraction  is  clearly  evident 
because  the  curves  do  not  pass  through 
the  origin  In  Fig.  C.27.  In  spite  of  the  re¬ 
fraction,  the  slope  of  the  lines  correlates 
well  with  the  media-weighted  seismic 
velocities  estimated  from  the  preshot 
seismic  survey.  These  estimates  assumed 
straight-line  source-to-surface  shock 
propagation. 


The  surface  TOA  data  are  particularly 

valuable  because  they  provide,  via  the 
19 

Buckingham-Pi  theorem,  an  effective 
means  of  relating  the  observed  surface 
velocities,  stresses,  and  accelerations 
to  the  same  quantities  calculated  at  shot 
depth  with  the  SOC  code.  Surface  TOA 
data  will  be  discussed  in  more  detail 
later. 

Emplacement  Hole  TOA 

Measurements 

TOA  data  for  the  open  emplacement 
hole  of  the  12.5-m  <41 -ft)  unstemmed  shot 
were  obtained  from  four  stress  gages 
located  in  the  emplacement  hole  at  0.91  to 
5.5  m  (3  to  18  ft)  from  the  ground  surface 
'Fig.  C.7),  These  data  were  supple¬ 
mented  by  a  slifer  and  by  two  pairs  of 
stress  gages  located  in  an  adjacent 


Fig.  C.21.  DOIIA-3  itopach. 
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borehole  (D).  Slifer  systems  were  also  situ¬ 
ated  within  the  grout  stemming  material 
of  the  12.5-  and  6-m  (41-  and  1 9.7  -  ft) 
stemmed  events  (Figs.  C.8  and  C.9). 

The  shock  velocities  determined  from 
the  slifers  in  the  unstemmed  and  grouted 
emplacement  holes  have  been  recorded  in 
Table  C.4.  In  the  case  of  the  open  em¬ 
placement  hole  of  DOIIA-1,  the  slifer 

Fig.  C.  22.  DOHA -3  crater  profiles. 
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Fig.  C.  23.  Aerial  photo  composite  of 
DOlIA-1  crater. 


Fig.  C.  25.  Aerial  photo  composite  of 
DOI1A-3  crater. 


velocity  is  in  complete  agreement  with 
that  obtained  from  the  stress  gages.  In 
the  free  atmosphere  near  SGZ,  the  air- 
shock  velocity  was  observed  to  diminish 
to  0.77  m/msec  as  was  indicated  by  high¬ 
speed  photography.  The  TOA  data  for 
the  stress  gages  in  Hole-D  (located 
parallel  to  but  1.4  m  <4.7  ft)  from  the 
emplacement  hole)  do  not  give  a  clear 
indication  of  whether  the  shock  first 
reached  these  gages  via  the  emplacement 


X 


J 


hole.  At  Station  D03,  the  10-msec  ar¬ 
rival  of  the  vertical  stress  component  and 
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Fig.  C.  24.  Aerial  photo  composite  of 
DOHA -2  crater. 
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Fig.  C  26.  Cratering  curves  for  Fort 
Peck  Bearpaw  shale. 
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Arrival  time  —  m*ec 
Fig.  C.27.  Shock  arrival  times. 


the  6.4-mBec  arrival  of  the  horizontal  occurring  at  the  grout  surface  1  to 

('o-nponent  would  seem  to  suggest  a  2  msec  before  the  surrounding  Bearpaw 

cylindrical  wave  propagating  from  the  shale  surface.  The  failure  to  completely 

emplacement  hole.  This  would,  however,  match  grout  and  medium  properties  may 
imply  a  3.6- msec  relaxation  time  for  the  have  contributed  to  the  stemming  failures 

material — this  does  not  seem  reasonable.  that  occurred  at  130  msec  for  DOHA-  2  and 

One  must  therefore  conclude  that  one  of  these  ?9  msec  for  DOHA- 3.  These  failures  were, 
values  is  in  error,  probably  the  10  msec  value,  however,  sufficiently  late  in  time  to  have 
The  slifer  velocities  for  the  grout  in  negligible  effect  on  the  cratering  process, 

the  two  stemmed  events  were  higher  than 
the  shock  velocities  in  the  undisturbed 

medium.  This  is  supported  by  the  high-  Stress  history  measurements  were 

speed  photography,  which  showed  spallation  made  on  the  12.5-m  (41 -ft)  unstemmed 


Stress,  Pressure,  and 
Strain  Measurements 
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and  stemmed  experiments  only.  On  these 
events,  stress  transducers  were  situated 
at  shot  level  in  instrument  holes  A  and  B 
and  at  half  shot  depth  in  hole  A.  In  addition, 
a  strain  measurement  was  attempted 
in  hole  C  for  the  unstemmed  shot.  For 
the  unstemmed  shot,  four  transducers 
were  placed  in  the  open  emplacement  hole 
and  four  more  in  the  adjacent  parallel 
hole  D  (see  Figs.  C.7  and  C.8), 

Shot-Level  Stress  History 

Measurements 

All  shot-level  stress  gages  on  the  two 
12.5-m  (4 1  -ft)  events  failed  to  yield  cor¬ 
rect  stress  histories  for  time  intervals 
greater  than  a  few  milliseconds,  although 
signals  were  received  from  the  surface- 
mounted,  voltage-controlled  oscillator 
for  several  hundred  milliseconds.  In 
most  cases,  the  recorded  signal  rose  to 
a  first  peak  and  then  flattened  out  or  con¬ 
tinued  to  rise  discontinuousiy  over  several 
hundred  milliseconds .  As  the  shock  front 
should  be  of  only  a  very  few  milliseconds 
duration,  this  behavior  was  clearly  not 
representative  of  the  physical  situation. 

in  a  few  records,  the  first  peak  was  fol¬ 
lowed  by  a  slight  decrease  before  flatten¬ 
ing,  suggesting  that  gage  failure  occurred 
upon  release  from  peak  load  conditions. 

If  it  is  assumed  that  most  of  the  gages 
failed  at,  or  shortly  after,  the  peak,  then 
the  first  peak  can  be  taken  to  correspond 
to  the  shock  peak.  Interpreted  in  this 
fashion,  the  peak  stresses  behaved  in  a 
consistent  manner.  These  values  are 
tabulated  (Table  C.6)  and  displayed  graph¬ 
ically  in  Fig.  C.28.  In  the  case  of  the 
stress  gage  at  station  A40  (and  also  118) 
on  the  unstemmed  event,  a  different  type 
of  failure  occurred,  in  these  instances, 


the  signal  was  driven  rapidly  downward 
during  the  onset  of  stress  due  to  a  short- 
circuit  in  the  system.  The  peak  values 
reported  for  these  gages  have  been  esti¬ 
mated  by  extrapolating  the  slopes  prior 
to  and  following  the  short  circuit. 

The  most  prominent  feature  of 
Fig,  C.28  is  the  approximate  factor  of  2 
between  the  shot  level  stresses  for  the 
stemmed  and  un6temmed  shots.  Con¬ 
trary  to  intuition,  the  stresses  for  the 
unstemmed  shot  are  higher.  In  view  of 
the  known  anomaly  in  the  detonation  of 
explosive  for  the  stemmed  shot,  this  is 
accepted  as  the  source  of  the  stress 
degradation  seen  in  Fig.  C.28. 

In  an  effort  to  determine  the  nature  of 
the  anomalous  detonations,  a  suite  of 
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Fig.  C.28.  Peak  stress  as  a  function  of 
slant  range. 


Table  C.6.  Peak  stress  measurements. 


Location  Station 


DOHA-  1 

tinstemmed  — 12.5  m 


Distance  Compo-  Stress 
(m)  nenta  (kbar) 


Shot  level 

A40 

4.51 

R 

7.8 

A20 

7.59 

R 

3.8 

B40 

15.15 

R 

2.1 

T 

2.1 

C40 

30.39 

R 

— 

Emplace- 

140 

~1.1 

P 

-80. 

ment  hole 

118 

7,01 

R 

4.5 

112 

8.84 

R 

3.3 

107 

10.36 

R 

1.0 

103 

11.58 

R 

0.6 

Hole  D 

D18 

6.86 

V 

1.2 

HR 

1.3 

DO  3 

11.36 

V 

0.44 

HR 

0.28 

aNotation: 

R  =  radial;  T  =  tangential; 

P  -  pres 

Station 


DOHA -2 

Stemmed  — 12.5  m 


Distance  Compo-  Stress^ 


(kbar) 


Estimated  values  due  to  irregular  gage  functioning. 


SOC  calculations  was  carried  out  using 
various  explosive  EOS  formulations. 
These  calculations  are  described  in  detail 
in  Ref.  8.  Only  two  of  these  calculations 
will  be  discussed  here.  The  EOS  formu¬ 
lation  for  composite  explosives  involves 
a  two-phase  detonation  wave.  The  second 
phase  energy  is  released  gradually  over  a 
finite  time  interval  herein  referred  to  as 
the  "ramp  time."  As  will  be  seen  later, 
the  observed  ground  motion  between  the 
two  shots  did  not  differ  appreciably  in 
spite  of  the  disparity  in  the  peak  stress. 
This  fact  alone  severely  restricts  the 
number  of  plausible  explanations  to  those 
that  would  allow  the  shock  energy  to  be 
& 

The  composite  explosive  EOS  is  dis¬ 
cussed  in  detail  in  Chapter  4  and  in 
Ref.  9. 


spread  over  a  broader  front  in  the  case 
of  the  stemmed  event.  More  explicitly, 
the  only  explosive  parameter  satisfy¬ 
ing  this  criterion  is  the  ramp  time. 

SOC  calculations  were  made  using 
ramp  times  of  50  and  2000  psec.  The 
resulting  peak  stress  curves  are  plotted 
in  Fig.  C.  28,  The  2000  nsec  ramp 
time  calculation  produced  good  agree¬ 
ment  with  the  shot  level  gage  results. 
These  calculations  are  taken  to  be  the 
best  theoretical  estimates  for  the  un- 
stemrned  and  stemmed  12.5-m  (41- f t ) 
events.  Since  no  stress  measurements 
were  made  on  the  6-m  (19.7-ft) 
stemmed  event  but  detonation  anomalies 
were  known  to  exist,  this  2000  jusec 
ramp  time  calculation  will  be  assumed 
to  best  represent  the  6-m  (19. 7  -  ft)  event. 


-105- 


Unstemmed  Emplacement 
and  Satellite  Hole  Stress- 
Measurements 

Four  single  crystal  transducer  sys¬ 
tems  were  situated  at  Stations  103,  107, 

— -  112,  and  118  in  the  open  emplacement 
hole  of  the  unstemmed  shot  in  order  to 
record  radial  (vertical)  stress.  In  addi¬ 
tion,  pairs  of  transducers  were  emplaced 
at  Stations  D03  andD18  to  record  vertical 
and  horizontal  stress  components  ( Fig.  C.7  ). 

The  transducers  in  the  open  hole  were 
placed  in  a  jig  that  held  them  about 
15.2  cm  (6  in.)  from  the  hole  wall 
equally  spaced  about  the  perimeter. 

Since  pressures  were  expected  to  be  sev¬ 
eral  kilobars  above  the  survival  pr-ssure 
for  cables,  the  signal  cables  were  pro¬ 
tected  with  a  lead  covering  over  a  length 
extending  from  the  transducer  location  to 
a  point  slightly  above  the  ground  surface. 
Although  the  signals  were  received  for 
several  milliseconds,  the  stress  gages 
appear  to  have  failed.  Because  the  gage 
at  Station  118  shorted  momentarily  during 
rise,  the  reported  peak  value  has  been 
estimated  by  slope  extrapolation.  The 
peak  values  reported  in  Tabic  0.6  and 
Fig.  C.28  assume  that  failure  occurred 
subsequent  to  maximum  stress. 

Both  the  horizontal  and  vertical  stress 
gages  at  Station  D18  in  the  satellite  hole 
reported  a  relatively  sharp  spike  at 
3  msec.  The  narrow  width  of  the  spike 
suggests  the  signal  source  to  be  rela¬ 
tively  small  and  it  ia  believed  to  be  due 
to  the  expanded  gases  in  the  emplacement 
hole.  As  noted  earlier,  there  is  reason 
to  question  the  10-msec  arrival  time 
reported  by  the  vertical  stress  trans¬ 
ducer  at  Station  D03,  5  msec  being  a 
more  reasonable  value.  Although  of  the 


proper  magnitude,  the  peak  value  re¬ 
ported  in  Table  C.6  is  also  questionable 
because  the  polarity  of  the  recorded  sig¬ 
nal  was  negative.  .  Study  of  the  recording 
system  and  calibration  procedures  has 
not  indicated  how  this  could  have 
occurred.  Nevertheless,  aside  from  its 
negative  polarity,  the  wave  shape  and 
amplitude  were  reasonable. 

Strain  Measurement 

The  only  strain  measurement  at¬ 
tempted  in  the  DOHA  series  was  at  the 
shot-level  station  C40  on  the  unsternmed 
event.  In  the  experiment  no  strain  his¬ 
tory  was  actually  measured  because  the 
VCO  frequency  went  to  band  edge  upon 
incidence  of  the  shock  front,  indicating 
cither  component  failure  or  overranging. 

Accelerometer  Data 

Accelerometers  were  emplaced  at 
three  surface  locations  on  all  three  shots 
to  record  vertical  and  horizontal  surface 
accelerations,  and  at  shot  level  on  the  two 
12.5-m  (41 -ft)  shots  to  record  radial  and 
tangential  (vertical)  accelerations.  All 
accelerometers  were  piezoelectric  de¬ 
vices  constrained  to  function  as  charge 
generators  connected  to  surface  mounted 
shunt  capacitors  and  VCO's. 

The  accuracies  of  the  peak  accelera¬ 
tion  determinations  are  limited  to  about 
±25%.  This  accuracy  is  controlled 
mainly  by  the  filtering  used  in  the  play¬ 
back  system  for  the  high-frequency  com¬ 
ponents  and  by  the  signal -to-noise  ratio 
for  the  low-frequency  components.  Nei¬ 
ther  of  these  problems  should  affect  the 
accuracy  of  the  peak  velocity  determina¬ 
tions.  The  baseline  shifts  experienced 
are.  however,  very  critical  —  so  much  so 
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that  accuracies  at  e  very  difficult  to 
assign  to  integrated  velocities. 

Shot- Level  Accelerations 
Of  the  five  shot-level  accelerometers 
on  the  12.5-m  (4  1  -  ft)  events,  three  failed 
at  shock  arrival,  one  failed  preshot,  and 
the  last  failed  from  causes  presently 
unknown.  The  peak  values  are  given  in 
Table  C.7.  As  of  this  writing,  analysis 
of  the  B40T  and  C40T  signals  on  the 
12.5-m  ( 4 1  -  ft)  stemmed  event  have  not 
been  completed.  Final  analysis  will  be 
contained  in  Ref.  8  when  published. 

Surface  Accelerations 
The  peak  vertical  and  horizontal  accel¬ 
erations  recorded  at  the  surface  stations 
are  listed  in  Table  C.7  and  plotted  in 
Fig,  C.29.  Also  shown  in  this  figure  are 
three  curves  derived  from  SOC  calcula¬ 
tions  for  the  peak  vertical  acceleration. 
Calculations  A  (12.5-m  unstemmed)  and 
B  (12.5-m  stemmed)  are  the  same  calcu¬ 
lations  discussed  previously  in  connection 


Fig.  C.  29.  Peak  surface  acceleration  as 
a  function  of  slant  range. 

with  peak  stress.  The  curve  labeled  C  is 
the  Same  as  B  except  for  an  adjustment  to 
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Table  C.7. 


Recorded  peak  accelerations. 
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location 

DOHA- l 

I'nstommed — 12 

.  ■r»  m 

St. 

1 K  MIA-2 
’rnmcd  —  1  2, 

5  m 

St. 

ik)Iia-:i 
•mmi'd  —  0 

m 

Station4 

I)i  stance 
(m) 

Actilc  r- 
b 

atton 

Station1 

1  )irftancc 
ini  l 

An'i'l.r- 

atiori 

<fi> 

Station 

Distance 
(m ) 

Accel .  r 
almnb 
<«) 

Surface 

sor> 

12.  a?) 

4,000 

SO  a 

1  2.G2 

:;.ooo 

SOT) 

12,000 

vertical 

— ■ 

— 

— 

— 

— 

S20 

O.G'a 

2,  "i00 

SHO 

27.11 4 

tilt 

SHO 
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a  6-m  (19,7-ft)  DOB.  As  the  SOC  calcu¬ 
lations  included  no  ground  surface  inter¬ 
face  and  assumed  homogeneous  material, 
several  corrections  had  to  be  applied  that 
resulted  in  the  following  expression  for 
the  vertical  surface  acceleration: 


Vr>  =  ¥(f)  ac(r)' 


in  which  the  subscript  "c"  denotes  calcu¬ 
lated  quantities  and  "r"  is  slant  range. 

The  vertical  component  of  the  calculated 
radial  acceleration  is  obtained  by  multi¬ 
plication  by  the  ratio  "d/r"  (depth  of 
burial  to  slant  range).  The  factor  of  2 
arises  because  of  the  presence  of  the  free 
surface.  The  ratio  of  observed  to  calcu¬ 
lated  shock  arrival  times  (t/t  )  follows 

c  IS 

from  the  Buckingham-Pi  theorem  ‘  and 
represents  a  very  significant  correction 
at  the  larger  distances.  Ttie  arrival 
times  were  taken  from  Fig.  C.27.  The 
arrival  time  adjustment  is  an  approxima¬ 
tion  to  correct  for  the  material  layering 
that  affected  the  peak  surface  measure¬ 
ments  but  could  not  be  incorporated  in  the 
one-dimensional  SOC  calculations. 

The  accelerations  calculated  by  SOC 
and  adjusted  as  described  above  are 
typically  a  factor  of  2  greater  than 
observed.  One  possible  explanation  lies 
in  the  rapid  acceleration  rise  times  and 
in  the  fact  that  the  accelerometers  were 
emplaced  about  half  a  meter  below  the 
top  surface  of  the  concrete  instrument 
pads.  Under  these  conditions,  the  re¬ 
corded  acceleration  could  peak  before  the 
arrival  of  the  rarefaction  from  the  pad 
surface.  The  factor  of  2  in  the  above 
equation  wojld  not  then  be  justified  be¬ 
cause  the  observed  peaks  would  actually 


represent  free-field  values.  The  records 
of  the  SOS  accelerometers  on  the  two 
12.5-m  (41-ft)  events  both  display  a 
double  peak  structure  that  tends  to  sup¬ 
port  thi9  hypothesis. 


Particle  Velocity  Measurements 

Surface  and  subsurface  particle  veloc¬ 
ity  information  was  obtained  from  three 
basic  types  of  observation:  integrated 
accelerometer  records,  velocity  gage 
records,  and  high-speed  photography 
correlated  with  postshot  target  surveys. 


Integrated  Accelerometer 

Records 

Of  the  shot-level  accelerometers  on 
the  two  12.5-m  (41-ft)  events,  only  those 
at  the  A40  stations  functioned  sufficiently 
long  to  merit  integration,  and  then  only  to 
obtain  minimum  values  for  the  peak 
velocities.  These  values  appear  in 
Table  C.8  in  which  the  peak  values  of  all 
velocity  measurements  are  summarized. 

Integration  of  the  surface  accelerom¬ 
eter  records  was  hindered  by  baseline 
shifts  and  poor  signal-to-noise  ratios 
that  prevented  any  observation  of  a  defi¬ 
nite  gas-acceleration  phase.  The  surface 
velocity  measurements  are  consequently 
limited  to  the  early-time  spallation  phase 
The  peak  horizontal  and  vertical  surface 
velocities  obtained  from  the  integrations 
appear  in  Table  C.8, 


Velocity  Gage  Measurements 


Particle  velocity  transducers  were 
utilized  at  shot  level  on  the  12.5-m 
(4l-ft)  events  and  at  surface  stations  on 


all  events  (Figs.  C.7  through  C.O).  The 
overall  performance  of  the  velocity  trans¬ 
ducer  systems  was  poor.  Of  eleven 
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Table  C,8.  Recorded  peak  vertical  and  horizontal  particle  velocitii  s. 


Lor At  ton 

iXMlA-1 

(fnpt«Mr,h'eri  —  1 2. 5» 

m 

DOHA-2 
Stem  mud —  I2.r> 

ir. 

1KHIA-1 
SUMiimrd —  6  tn 

Station 

Pit¬ 

tance 

(m) 

C.atfr 

Vcloi  ity 
< ir,  S' c) 

station 

Pis  - 
tpnr*- 
tm) 

Oaiie 

Vt*|nr  tly 

(m/ flft’l 

St  a1  on 

mrr- 

Imli't- 
(fTl  ) 

(lag.' 

Vrlonly 

(m/nre) 

Surfac  t* 

SOO 

12.* 

nsa 

-CO 

SOO 

12.* 

llsn 

4? 

SOO 

ft. 

HSa 

1  HO 

vortical 

SO* 

12.*? 

Ar 

SO 

S05 

12.82 

Ar 

Ml 

so* 

f.,22 

AC 

>30 

A 

;  3. 

MS 

-no 

— 

MS 

160 

S2.S 

l4.ti 

VK 

40 

525 

W 

v  i; 

— 

>  20 

fl.5 

MS 

SI 

Hi: 

*j=i 

Ms 

37 

■l.f.O 

AC 

f.O 

sse 

III. 7  j 

vi-; 

»u'‘ 

SflO 

IK.  4  l 

VK 

— 

S4  0 

14.07 

\ »: 

— 

Hs 

13 

MS 

18 

IIS 

21 

it 

20. 

Ms 

l  1 

It 

20. 

HS 

15 

— 

SflO 

27.34 

Ar 

c.o 

SftO 

AC’ 

C.2 

SO* 

20.00 

AC 

7.0 

(arc 

A 

Li. 

Ms 

-12 

_ 

_ 

hone  onui 

S25 

14.*? 

MS 

17 

1* 

MS 

i 

S.’O 

it  r, 

MS 

30 

SfsO 

1 8,7  h 

Ar 

fi.D 

5*0 

1  it,  4  1 

At 

r». 

S40 

14.07 

VK 

— 

IIS 

l  1 

IIS 

1 1 

MS 

20 

H 

20 

Hs 

M 

20 

HS 

H 

— 

580 

27.34 

AC 

550 

2h.**7 

AC 

2. 1 

SfC, 

20,  r.r. 

AC 

4.0 

Shot  level 

A41) 

4,51 

AC  -  H 

>161’ 

A  40 

4.0* 

AC-H 

>  1  nl) 

mo 

IS. 15 

V  K  *  R 

— 

U  4  0 

14.32 

V  K  -  H 

— 

VK  T 

— 

ACT 

— 

(40 

JO.-IV 

VI-  -H 

— 

C4  0 

VI  -H 

— 

Ac-T 

- 

AC  -  l 

— 

*HS  “  data  from  high-sperd  phntn^rapn, 
Ui.bunutrcl  valuer  due  to  partial  tfage  failure. 


systems,  only  three  produred  any 
usable  data.  Four  failed  prior  to 
detonation  possibly  because  of  water 
leakage.  Two  faMod  immediately 
upon  shock  incidence  because  of  damage 
to  the  carrier  oscillator  system.  INvo 
continued  to  function  but  produced 
only  spurious  signals.  Of  the  three 
usable  signals,  two  survived  only  long 
enough  to  provide  peak  information 
before  failure  of  the  oscillator.  These 
were  at  Stations  S50  on  DOtIA-1 
and  H40  on  DOHA- 2.  '.nalycis  of 
the  latter  signal  will  be  contained  in 
Ref.  8  when  published.  The  re¬ 
maining  gage  (S25  on  DOIIA-1)  sur¬ 
vived  for  over  a  hundred  milliseconds 
and  provided  a  good  signal  through¬ 
out  except  for  the  first  10  msec  fol¬ 
lowing  shock  arrival.  The  peak 
particle  velocities  determined  for  these 
gages  appear  in  Table  C.  8. 


High-Speed  Photography 
The  velocity  data  obtained  from  the 
high-speed  photography  were  presented 
in  Table  C.2  and  discussed  earlier  in  this 
chapter.  The  generalized  data  in 
Table  C.2  have  been  separated  in.o  indi¬ 
vidual  horizontal  and  vertical  ta  get 
velocities  and  are  listed  in  Tab’e  C.8. 

The  target  spall  velocities  were  found  by 
two  methods.  The  first  involved  fitting 
the  observed  vertical  displacement  to  the 
ballistic  equation  to  determine  the  initial 
velocity.  The  second  invoiveu  the  use  of 
finite  differences  to  deduce  the  early- 
time  limit  of  the  velocity.  The  results 
of  these  two  techniques  were  found  to  be 
generally  ir.  agreement.  The  horizontal 
components  were  found  frot"  fhc  known 
postshot  target  displacement  and  the  initial 
vertical  velocity  component  by  assuming 
the  validity  of  the  bal’istic  equation. 

Effects  of  air  friction  were  ignored. 
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The  peak  vertical  surface  velocities  of 
Table  C.8  have  been  plotted  vs  slant 
range  in  Fig,  C.3Q.  As  was  indicated 
'’earlier,  there  is  very  little  difference 
between  the  surface  velocities  of  the  two 
l-.5-m  (4 x •  ft)  events.  Three  theoretical 
curves  have  also  been  included  in  the 
figure,  These  were  obtained  from  SOC 
calculations  from  the  equation: 


Vr> 


V(r), 


in  which  the  rotation  is  the  same  as  that 
used  in  determining  surface  accelera¬ 
tions.  Here,  V,  is  the  radial  peak  -eloc- 
ity  calculated  by  SOC.  tn  the  case  of  the 
1 1. 5 - m  (41 -ft)  events,  the  agreement  is 
remarkable.  The  theoretical  results  for 
the  6-m  ( 1 6 .7  ft)  event  are  about  30%  low. 
This  can  be  explained  by  the  large  un¬ 
certainty  in  the  arrival  times  at  the  sur¬ 
face  .station,  particularly  S65  (see  Fig, 
C.30). 

The  peak  horizontal  surface  velocity 
components  have  been  plotted  in 
fig.  C.31,  The  three  theoretical  curves 
have  been  determined  from: 


V(r); 


the  theoretical  curves  appear  to  be 
bounded  near  SGZ  by  the  photographic 
data,  which  is  50  to  100%  high.  At 
greater  ranges,  the  curves  are  bounded 
by  the  gage  velocities,  which  a-e  low  by 
50  to  100%.  No  satisfactory  explanation 
of  this  phenomenon  h as  yet  been  found, 

Airblast  Measurements 

Airblast  gages  were  employed  on  each 
detonation,  Thesegages  were  the  Ballistics 
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Fig.  C.  30.  Peak  vertical  surface  velocity 
as  a  function  of  slant  range. 
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Fig.  C.31.  Peak  horizontal  surface  veloc¬ 
ity  components  as  a  function 
of  slant  range. 
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Research  Laboratory  (BRL)  self- 
recoi  oing- type  gage  and  were  operated  by 
EERL  The  overpressures  experienced 
by  the  gage  actuate  a  diaphragm,  which  in 
turn  moves  a  stylis,  which  scribes  a 
record  on  a  negator-type  spring.  The 
spring  is  then  removed  from  the  gage  and 
the  record  is  interpreted  using  a  digital 
microscope.  These  gages  were  actuated 
at  minus  2  sec  by  a  relay  closure  signal 
from  the  CP.  Only  one  of  the  three  gages 
employed  on  DOHA-1  operated  properly. 

A  peak  overpressure  level  of  7.0  mbar 
was  recorded  by  this  gage  at  a  range  of 
l,22fl  m  (4,000  ft).  None  of  the  three  gages 
on  the  DOlIA-2  operated  properly.  There 
is  evidence  that  these  gages  were  under- 
ranged,  although  the  two  gages  employed 
on  the  DOIIA-3  detonation  appear  to  have 
reacted  normally.  Overpressure  levels 
of  10.5  mbar  at  305  m  (1,000  ft)  and 
2.0  mbar  at  1,220  m  (4,000  ft)  were  re¬ 
corded.  Due  to  the  heavy  loss  of  data  in 
this  program,  no  comparisons  have  been 
attempted. 


Ground  Motion  Measurements 

Two  seismic  recording  stations  were 
employed  on  each  of  the  DOHA  detona¬ 
tions.  An  additional  seismic  recording 
station  was  employed  on  the  DOIIA-3 
detonation  to  monitor  a  water  well  for 
possible  seismic  damage.  These  gages 
were  Mark  Products,  L-4  canisters. 
Each  canister  contained  three  triaxially- 
mounted  low-frequency  geophones.  Gage 
responses  were  recorded  on  Century  Elec¬ 
tronics  Model  444  oscillographs.  The 
gage6  were  hard-wired  to  the  oscillo¬ 
graphs  and  the  system  was  manually  ini¬ 
tiated  just  prior  to  zero  time.  Table  C.9 
shows  the  peak  particle  velocities  and 
gage  locations  for  each  detonation.  The 
largest  component  of  velocity  measured 
in  each  case  was  the  vertical.  The 
DOlLA-2  detonation  produced  the  highest 
velocities  as  was  expected.  The  combi¬ 
nation  of  DOB  and  complete  stemming 
resulted  in  a  longer  containment  time  as 
compared  with  the  shallower  DOIIA-3  and 
unstemmed  DOIIA-1  detonations.  This 


Table  C.9.  Summary  of  measured  peak  particle  velocities  (intermediate  range). 


Peak  particle  velocities 
_ (cm/sec) _ 


Detonation 

Seismic 

ImT 

Range 

~w 

Vertical 

Radial 

Trans¬ 

verse 

IIA-1 

1 

1, 160 

3,800 

6.6 

1.8 

i.i 

1 1 A  - 1 

2 

1,620 

5,300 

2.3 

1.2 

0.4 

1 

io 

1 

1,330 

4,35'J 

8.3 

4.5 

2.6 

IIA-2 

2 

1,790 

5,860 

3.5 

1.5 

0.7 

1 1 A -3 

1 

820 

2,700 

1.2 

0.8 

1.6 

IIA-3 

2 

1,280 

4,200 

0.8 

0.5 

0.6 

1 1 A  -  3 

3 

3,520 

11,550 

0.4 

0.3 

_ b 

aVertical  time  history  record  shows  that  there  was  a  conductivity  problem  between 
the  geophone  and  recorder;  this  was  most  likely  caused  by  a  poor  splice  in  a  cable. 

^There  was  no  transverse  geophone  at  this  station. 
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longer  containment  time  results  in  a 
better  coupling  of  the  explosive  energy  to 
the  surrounding  media.  The  effect  of  the 
differences  in  explosive  detonation  veloc¬ 
ity  is  not  known.  This  longer  containment 
time  is  verified  by  the  venting  time  for 
each  detonation  as  obtained  from  the  high¬ 
speed  photography.  The  DOFIA-2  detona¬ 
tion  vented  at  about  130  msec,  whereas 
the  DOIIA-1  detonation  vented  within  the 
first  msec,  and  the  DOtIA-3  detonation 
vented  at  about  29  msec.  The  higher 
peak  particle  velocity  obtained  for  the 
DOIIA-1  detonation,  as  compared  with 
the  DOI1A-3  detonation,  must  be  attrib¬ 
uted  to  the  deeper  DOB  in  the  DOILA-1 
detonation.  This  indicates  that  DOB  is 
more  critical  than  the  type  of  stemming 
in  determining  ground  motion  levels. 

This  conclusion  coincides  with  the  Middle 
Course  II  results.  The  velocities  meas¬ 
ured  at  the  well  on  DOIIA-3  were  consid¬ 
ered  insignificant  and  were  actually  lower 
than  the  levels  produced  by  the  vibrations 
generated  by  an  electric  pump  used  to 
operate  the  well. 

Ejecta  and  Missile  Measurements 

Analysis  of  the  continuous  ejecta  wa6 
conducted  by  means  of  the  point-count 
technique  as  described  in  Ref.  17.  This 
method  was  established  to  determine 
economically  the  olock  size  distribution 
of  crater  fallback  and  ejecta  using  sam¬ 
pling  techniques  rather  then  the  costly 
sieving  and  weighing  of  the  same  mate¬ 
rials.  Figure  C.32  shows  the  ejecta 
particle  size  distribution  curves  for  the 
three  Phase  ILA  detonations.  The  curves 
represent  averages  of  data  taken  along 
orthagonal  lines  crossing  each  SGZ.  The 
three  curves  art  of  similar  shape  indicat¬ 


ing  the  homogeneity  of  the  media.  These 
curves  are  sufficiently  close  together  to 
prevent  the  determination  of  even  subtle 
differences.  The  individual  curves  (not 
shown)  for  each  surveyed  line  on  each 
crater  do  indicate  an  appreciable  increase 
in  the  amount  of  fines  in  the  downwind 
direction.  This  was  also  visually  ob¬ 
served  on  the  ground  following  each  deto¬ 
nation. 

The  maximum  missile  range  for  each 
detonation  was  determined  by  ground 
survey.  A  representative  15  deg  sector 
was  selected  at  each  crater  for  determi¬ 
nation  of  missile  density  and  range  data. 
A  count  of  all  missiles  found  outside  the 
limits  of  the  continuous  ejecta  was  made 
in  this  sector.  The  distance  each  mis¬ 
sile  had  traveled  was  determined  by  con¬ 
ventional  surveying  techniques.  These 
density  vs  range  data  are  important  in 
determining  safety  stand-off  distances. 
The  maximum  missile  range  in  itself  is 
not  sufficient  because  the  probability  of 


Size  -—cm 


Size  —  ft 

Fig.  C.  32.  Particle  size  distribution 

curves  for  continuous  ejecta. 
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SUMMARY 


an  object  being  struck  by  a  missile  at  the 
maximum  range  is  very,  very  small. 
These  data  were  obtained  for  a  separate 
EERL  troop  safety  effects  study.  The 
missile  density  and  range  data  obtained 
for  each  detonation  are  plotted  in 
Fig.  C.33.  The  significantly  higher  den¬ 
sities  at  longer  ranges  for  the  DOILA-3 
detonation  are  attributed  to  the  higher 
mound  velocity  produced  by  the  shal¬ 
lower  DOB.  The  slightly  steeper  curve 
produced  by  the  DOHA- 1  detonation  as 
compared  to  the  DOHA-2  curve  can  be 
attributed  to  the  effects  of  the  open 
access  hole.  The  horizontal  pressures 
exerted  against  the  access  hole  walls  by 
the  explosive  gases  escaping  up  the 
access  hole  produce  larger  horizontal 
velocity  components  in  the  material 
ejected  by  the  detonation. 


The  most  significant  results  of  the 
Diamond  Ore  Phase  ILA  detonations  were 
the  discovery  of  problems  in  the  repro¬ 
ducibility  of  the  detonation  characteris¬ 
tics  of  the  explosive  (Chapter  4).  These 
problems  and  the  subsequent  attempts  at 
stabilizing  the  detonation  history  are 
described  in  Chapter  5.  Because  of  the 
significant  differences  in  the  manner  in 
which  the  three  explosive  charges  deto¬ 
nated,  all  comparisons  between  the  ex¬ 
perimental  results  must  be  considered 
suspect.  A  general  comparison  of  the 
craters  produced  shows  the  6-m  (19.7-it) 
stemmed  detonation  excavated  the  largest 
volume  of  material  due  primarily  to  its 
significantly  larger  apparent  depth.  The 
unstemmed  detonation  produced  a  more 


V 


rounded  or  bowl-shaped  crater.  This 
effect  is  attributed  to  the  horizontal 
pressures  exerted  on  the  medium  by  the 
gases  escaping  up  the  open  access  hole 
during  crater  formation.  The  effects  of 
ihe  shallower  DOB  for  the  6-m  (19.7 -ft) 
detonations  were  indicated  by  a  higher 
mound  velocity,  significantly  larger  max¬ 
imum  missile  range,  and  larger  missile 
densities  out  to  that  maximum  range,  and 
a  larger  radius  of  continuous  ejecta.  The 
ground  motion  data  indicated  that  changes 
in  DOB  were  more  critical  to  peak  parti¬ 
cle  velocities  than  was  the  type  of  stem¬ 


ming.  High-speed  photography  of  the 
unstemmed  detonation  indicated  an 
interruption  of  the  venting  by  an  appar¬ 
ent  hole  closure  at  about  90  msec. 

This  phenomenon  was  also  observed  on 
the  Middle  Course  II  M-16  detonation. 
This  1-ton  detonation  had  a  10-cm  (4- in . )- 
diameter  open  access  hole  that  appar- 
ently  closed  during  venting.  Additional 
research  into  the  detonation  character¬ 
istics  of  composite  explosives,  both 
simple  and  complex,  is  being  contem¬ 
plated  by  the  Chemistry  Department  at 
LLL. 
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Appendix  D 

Fallout  Disposition  Data,  Detonation  IT-6, 

Phase  IIB,  Project  Diamond  Ore 

This  appendix  contains  the  mass  and  iridium  deposition  data  generated 
in  support  of  the  fallout  simulation  program  conducted  in  conjunction  with 
the  Diamond  Ore  Phase  IIB  IT-6  detonation  at  Fort  Peck,  Montana,  in 
October  197  2,  The  generation  and  use  of  these  data  are  discussed  in  Chap¬ 
ter  6  and  explained  in  Ref,  4. 
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